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Foreword 


Within  the  framework  of  the  contract  effort,  much  of  the  substance  was  reported 
in  the  publications  which  comprise  the  appendices  to  this  report.  As  a 
consequence,  the  initial  text  of  the  report  is  a  briefly  stated  synposis  which 
summarizes  the  overall  contract  efforts. 
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A  CASCADABLE,  MONOLITHIC  LASER/MODULATOR/AMPLIFIER 

TRANSMITTER 

Principal  Investigator:  Stephen  R.  Forrest 

Center  for  Photonics  and  Optoelectronic  Materials 
Department  of  Electrical  Engineering 
Princeton  University 
Princeton,  NJ  08544 
(609)  258-4532 

Contract  No.:  DAAB07-92-C-B007 

Final  Report 

During  the  course  of  this  program,  we  demonstrated  several  extremely  high 
performance  devices  based  on  gas  source  molecular  beam  epitaxially  grown 
InGaAsP.  Among  those  devices,  we  report  the  following  results: 

•  Low  threshold,  strained  InGaAsP  MQW  Fabry  Perot  lasers.  These 
devices  exhibited  the  lowest  threshold  current  densities  ever  achieved  for 
GSMBE  grown  material  operating  at  a  wavelength  of  1 .3  |xm.  This  result  was  a 
direct  consequence  of  our  ability  to  grow  atomically  abrupt  heterointerfaces 
using  a  novel  growth  method.  (See  Appendix  A) 

•  Very  high  on/off  ratio  (40  dB)  Mach-Zehnder  MQW  modulators.  (See 
Appendix  B) 

•  High  gain  (25dB)  semiconductor  optical  amplifiers. 

All  of  these  devices  were  designed  and  fabricated  such  that  we  could 
demonstrate  the  integration  of  multifunctional  photonic  integrated  circuits  (PICs) 
employing  one  or  more  of  these  devices  in  any  combination  needed  for  a  given 
application.  This  led  to  our  demonstration  of  a  very  simple,  and  flexible 
integration  technology  based  on  a  modified  twin  waveguide  (TG)  structure  (see 
Appendix  C).  We  developed  this  TG  technology  to  completely  eliminate 
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complicated  regrowth  processing,  such  that  we  can  ultimately  realize  an 
integration  “platform”  whereby  any  combination  of  active  (i.e.  SOAs,  lasers)  and 
passive  (i.e.  waveguides,  modulators)  optical  devices  can  be  arbitrarily 
combined  with  different  PICs  on  a  single,  multipurpose  wafer  structure. 

The  basic  concept  of  the  TG  structure  is  that  an  active  MOW  region  is 
grown  above  a  passive  waveguide/modulator  region,  separated  by  an 
intermediate  “cladding”  region.  A  laser  or  SOA  is  then  defined  in  the  active 
region  by  etching  down  into  the  clad.  The  difference  between  these  two 
devices  is  simply  the  facet  reflectivity:  an  SOA  has  anti-reflection  coated  facets, 
whereas  a  laser  has  high  reflection  coatings.  To  realize  this  device,  we  also 
needed  to  develop  very  high  quality  facet  formation  processes  based  on  CH4:H2 
reactive  ion  etching. 

The  light  generated  in  the  active  region  is  evanescently  coupled  into  the 
passive,  or  waveguide  region  located  directly  below.  As  in  any  directional 
coupler,  the  coupling  efficiency  is  a  sensitive  function  of  length.  For  this  reason, 
previous  results  for  such  TG  structures  report  a  maximum  coupling  efficiency  of 
13%.  To  eliminate  this  length  dependence,  hence  making  the  TG  a  practical 
integration  scheme  for  the  first  time,  we  grew  a  thin  (~100A-500A)  InGaAs 
absorbing,  or  “loss”  layer  in  the  center  of  the  intermediate  InP  cladding  layer. 
This  loss  layer  is  grown  since  we  recognize  that  the  length  dependence  of  the 
coupling  arises  from  an  interplay  between  the  odd  and  even  modes 
propagating  in  the  structure.  Due  to  the  different  effective  indices  of  these  two 
modes,  their  velocities  are  different,  and  hence  they  are  in  and  out  of  phase  at 
different  positions  within  the  active  cavity.  The  loss  layer  effectively  eliminates 
the  even  mode,  hence  eliminating  this  energy  exchange  with  its  concomitant 
length  dependence. 


4 


# 


# 


# 


Using  our  modified  TG  structure,  we  find  that  we  completely  eliminate  the 
even  mode,  resulting  in  complete  elimination  of  any  length  dependence  in  the 
strucuture.  Furth6rmor6,  in  our  first  test  device  (e  leser  coupled  to  a  waveguide 
Y-junction)  we  measured  a  50%  coupling  between  the  laser  and  the 
waveguide.  This  is  equal  to  the  theoretical  maximum  coupling  allowed  in  this 
structure,  far  exceeding  all  previous  reports  for  coupling  efficiency  in  such 
integrated  devices. 

Hence,  the  TG  structure  with  loss  layer  developed  under  this  program 
(and  detailed  further  in  the  preprint  attached)  provides  a  radical  new  approach 
to  integrating  passive  and  active  optical  devices  on  a  single  epitaxial  wafer 
structure.  Hence,  we  succeeded  in  this  program  in  demonstrating  a  practical 
“platform”  PIC  technology  which  is  free  from  sensitivity  to  fabrication  and 
epitaxial  growth  variations,  and  does  not  employ  highly  complex  and  costly 
regrowth  methods.  For  the  first  time,  we  can  look  forward  to  generating  a  wide 
range  of  PICs  on  a  single  wafer,  similar  to  what  is  accomplished  using  a  single 
Si  wafer  to  generate  a  wide  range  of  integrated  circuits  and  codes. 
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APPENDIX  A 

Growth  of  abrupt  lnGaAs(P)/In(GaAs)P  heterointerfaces  by  gas  source 
molecular  beam  epitaxy 

Guang-Jye  Shiau,  Chih-Ping  Chao,  Paul  E.  Burrows,  and  Stephen  R.  Forrest 

Advanced  Technology  Center  for  Photonics  and  Optoelectronic  Materials,  Department  of  Electrical 
Engineering,  Princeton  University,  Princeton,  New  Jersey  08544 

(Received  6  June  1994;  accepted  for  publication  16  September  1994) 

We  demonstrate  a  novel  method  for  the  growth  of  abrupt  InGaAs(P)/In(GaAs)P  heterojunctions  by 
gas  source  molecular  beam  epitaxy.  We  find  that  exposure  of  freshly  grown  InP  to  an  As  flux  during 
growth  interruption  between  layers  of  different  compositions  results  in  the  substitution  of  surface  P 
atoms  and  As  atoms,  thereby  generating  a  strained  transition  layer  at  each  interface.  By  assuring  a 
group-III  stabilized  surface  during  interruption  required  to  grow  InGaAs(P)/In(GaAs)P 
heterointerfaces,  As/P  substitution  can  be  avoided,  thereby  resulting  in  improved  interface  quality. 
Heterointerface  abruptness  was  examined  by  double-crystal  x-ray  diffraction  and  low  temperature 
photoluminescence.  The  results  show  that  the  interfaces  grown  with  the  modified  switching 
sequence  are  considerably  more  abrupt  than  those  obtained  using  conventional  sequences  where 
As/P  interdiffusion  extends  over  several  monolayers.  ©  1995  American  Institute  of  Physics, 


!,  INTRODUCTION  InAsP  monolayers  (ML)  at  the  InP-to-InGaAs  interface  was 

reported  by  Camassel  et  a/.^  A  model  with  a  5-ML-thick  qua- 
Growth  of  high  quality  heterointerfaces  has  been  a  key  ternary  transition  region  at  the  InGaAs-to-InP  interface  was 

factor  in  improving  the  properties  of  optoelectronic  devices  used  to  explain  the  experimental  data  of  Sherwin  et  al?  Fur- 

such  as  multiple  quantum  well  (MQW)  lasers  and  modula-  ther,  Streubel  et  al}  have  observed  an  approximately  230 

tors.  However,  modem  gas  phase  epitaxial  techniques,  in-  meV  redshift  of  the  photoluminescence  (PL)  peak  energy  of 

eluding  metalorganic  chemical  vapor  deposition  (MOCVD),  a  3-ML-thick  InGaAs/InP  QW  when  the  freshly  grown  InP 

chemical  beam  epitaxy  (CBE),  and  gas  source  molecular  surface  was  exposed  to  an  As  flux  for  roughly  12  s.  Such  a 

beam  epitaxy  (GSMBE),  usually  suffer  from  flux  large  shift  may  be  due  to  As/P  exchanges  which  deform  the 

intermixing^"^  in  the  growth  of  heterointerfaces.  The  cross  shape  of  the  well,  thus  significantly  affecting  its  optical  prop- 

contamination  of  the  fluxes,  due  to  an  incomplete  switching  erties.  The  examples  mentioned  above  Olustrate  that  intro- 
or  the  so-called  “memory  effect,”^""^  creates  a  composition-  ducing  GI  is  not  sufficient  to  avoid  the  very  active  exchange 
ally  graded  transition  layer  with  built-in  strain,  thereby  de-  of  As  and  P. 

forming  the  shape  of  the  well.  The  poorly  defined  well  thick-  In  this  work,  we  describe  a  novel  growth  interruption 

ness  generally  realized  by  conventional  growth  methods  sequence  which  results  in  high  quality,  abrupt  GSMBE- 

makes  it  difficult  to  calculate  and  predict  the  optical  proper-  grown  InGaAs(P)/In(GaAs)P  heterointerfaces.  InGaAs(P)/ 

ties  of  the  resultant  nonsquare  potential  well.  Further,  strain  In(GaAs)P  MQW  structures  were  prepared  by  introducing  a 

and  other  effects  of  compositional  grading  can  result  in  in-  mixed  ML  of  In  and  Ga  (or  a  ML  of  In)^^’^^  to  the  surface 

creased  nonradiative  recombination  at  the  hetero interfaces.  before  exposure  to  the  new  group- V  flux.  This  mixed  ML  of 

Improvement  of  heterointerface  quality  has  been  studied  In  and  Ga  is  shown  to  prevent  As/P  substitution.  The  hetero- 

extensively  for  material  systems  which  require  a  complete  interfaces  were  examined  by  double-crystal  x-ray  diffraction 
switch  of  group-V  fluxes  between  layers,  such  as  (DCXRD)  and  low  temperature  PL.  A  detailed  model  of  the 

InGaAsAnP^"'^*^’^  and  InGaP/GaAs.^’®  Growth  interruption  resulting  interface  shape  is  consistent  with  the  PL  data,  and 

(GI)  is  one  of  the  most  commonly  used  techniques  for  suggests  that  heterointerface  transition  regions  of  only  one 

MOeVD,^^’^"^^  CBE,^’"^’^^  and  GSMBE^’^’^^  to  eliminate  the  atomic  layer  of  InAs  are  achieved. 

formation  of  three-dimensional  surface  islands  which  result  The  article  is  organized  as  follows:  In  Sec,  II  we  de- 

during  the  flux  switching  sequence.  Another  solution,  such  as  scribe  the  switching  sequences  for  both  conventional  and 
introducing  an  evacuation  time  during  flux  switching  to  modified  methods  for  the  growth  of  the  QW  structures.  In 

avoid  the  memory  effect,  has  also  been  used.  However,  sur-  Sec.  Ill,  we  describe  the  direct  observation  of  the  transition 

face  roughening  is  often  observed  by  reflection  high-energy  regions  formed  at  heterointerfaces  when  the  conventional 

electron  diffraction  (RHEED)  when  a  freshly  grown  InP  (or  growth  sequence  is  used.  Results  of  both  PL  spectra  and 

InGaAs)  surface  is  exposed  to  As2  (or  P2).^^’^'^  This  roughen-  DCXRD  rocking  curves  are  presented  in  Sec.  IV,  followed 

ing  is  believed  to  originate  from  very  active  P  to  As  (or  As  to  by  the  analysis  and  discussion  of  the  heterointerface  abrupt- 

P)  substitution.  It  has  been  proposed  by  Anan  et  al  that  the  ness  for  both  conventional  and  modified  growth  sequences.  A 

surface  Ga  atoms  enhance  the  substitution  of  As  to  P  based  compositionally  tapered  well  proposed  to  fit  the  PL  data  of 

on  chemical-bond-strength  considerations.  Recently,  Vanden-  the  conventional  sample  is  also  discussed.  Further,  simula- 

berg  et  al  have  observed  interfacial  strain  in  lattice-  tions  of  DCXRD  rocking  curve  data  are  presented  to  quan- 

matched  InGaAs/InP  heterostructures  using  high  resolution  tify  the  mismatch  strain  of  the  transition  regions.  In  Sec.  V, 
x-ray  diffraction.  A  transition  layer  of  approximately  two  we  present  conclusions. 
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FIG.  2.  Schematic  schedule  of  the  modified  switching  sequence 

for  the  growth  of  (a)  Ioq ^sGa^  47As/InP  and  (b)  strained  Conduction  band  minima  of  (a)  Ioq j3Gao  47As/IaP  and  (b)  strained 

1^0.82^%  i8Aso_55Po.45/Ino  82Ga^  igAsojgPo.62  heterointerfaccs.  ^°o.82Cao.i8AsQj5Po  45/100  g2GaQ  igAso38Po.52  MSQW  structures. 


surface  before  the  new  group-V  gas  flow  was  switched  on. 
This  mixed  ML  of  In  and  Ga  (or  ML  of  In)  was  deposited  to 
form  a  group-II-stabilized  surface,  avoiding  exposure  to  dif¬ 
ferent  group-V  fluxes,  thereby  eliminating  the  As/P  ex¬ 
change.  The  interfacial  strain  can  also  be  reduced  by  this 
mixed  ML  of  In  and  Ga  since  the  transition  layer  composi¬ 
tion  is  Ihq  53Ga^  47ASP  rather  than  InAsP,  the  latter  compound 
having  a  larger  lattice  mismatch  to  InP, 

D.  Multiple  single  quantum  wells  and  multiple 
quantum  well  structures 

Two  different  QW  structures  were  prepared  to  study  the 
effect  of  the  modified  GI  sequence  on  heterointerface  abrupt¬ 
ness.  The  InGaAs/InP  and  strained  Ino.82G^.  18-^0.55^0.45/ 
^”0.82^20  i8Aso.38Po.62  multiple  single  quantum  well  (MSQW) 
structures  were  grown  by  both  conventional  and  modified  GI 
sequences  (one  ML  In  and  one  mixed  ML  of  In  and  Ga). 
Here,  the  MSQWs  [as  shown  in  Figs.  3(a)  and  3(b)]  consists 
of  four  SQWs,^  each  with  a  different  well  thickness  and  sepa¬ 
rated  by  300-A-thick  barriers,  PL  at  77  K  was  used  to  char¬ 
acterize  the  sharpness  of  these  QWs.  In  addition,  an  InGaAs/ 
InP  20  QW  structure  was  grown  by  the  conventional  and 
modified  (one  ML  In)  sequences  for  x-ray  diffraction  studies. 
All  MQW  structures  have  a  periodicity  of  180  A,  consisting 
of  nominal  well  and  barrier  widths  of  80  and  100  A,  respec¬ 
tively.  Both  77  K  PL  and  DCXRD  were  used  to  characterize 
the  sharpness  and  the  interfacial  strain  of  the  InGaAs/InP 
MQWs. 

III.  OBSERVATION  OF  THE  TRANSITION  REGION 

During  growth  of  InGaAsPAnP  double  heterostructures 
using  the  conventional  GI  sequence  described  in  Fig.  1(a), 
we  observe  a  dramatic  increase  in  the  RHEED  specular  beam 
intensity  when  the  P-stabilized  InP  surface  is  exposed  to  the 
mixed  As2  and  P2  fluxes  [with  AsH3/(AsH3+PH3)=0.11],  as 


shown  in  Fig.  4.  This  mtensity  increase  indicates  a  large 
change  of  surface  coverage  from  P  to  As  on  a  P-stabilized 
InP  surface.  The  RHEED  pattern  also  indicated  that  the  InP 
surface  reconstruction  changed  from  P  stabilized  (2X4)  to  As 
stabilized  (1X2).  The  specular  beam  intensity  oscillates 
without  any  group-III  flux  for  two  to  three  periods  after 
switching  on  the  As2  flux.  Note  that  intensity  oscillations 
usually  occur  when  the  surface  is  exposed  to  a  group-III  flux 
(combined  with  a  sufficient  group-V  flux),  with  the  oscilla¬ 
tion  period  corresponding  to  the  time  required  for  one  ML 
growth. Since  there  was  no  group-III  flux  introduced  onto 
the  InP  surface  during  GI,  we  explain  the  intensity  oscilla¬ 
tions  as  follows.  The  first  half-period  (—0.5  s)  of  intensity 


I  growth  interruption  . 

InP - - - - *i-*-lnGaAs(P) 


Time 


FIG.  4.  Measured  RHEED  specular  beam  intensity  during  the  growth  of  an 
InGaAsP/InP  heterostructure  by  the  conventional  growth  method. 
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nc.  5.  A  measured  SIMS  depth  profile  of  an  InGaAsP/InP  multiple  hetero- 
interface  structure. 


oscillation  from  a  maximum  to  a  minimum  (see  Fig.  4)  indi¬ 
cates  a  surface  roughening  resulting  from  the  As/P  substitu¬ 
tion.  This  As/P  substitution  occurs  very  rapidly,  since  As  or 
As-,  has  a  much  higher  sticking  coefficient  than  P  or  Pa  -  The 
latter  few  intensity  ripples  are  a  result  of  an  inward  diffusion 
of  As  into  the  first  several  ML  of  the  underlying  InP  layer, 
resulting  in  the  As/P  substitution  and  consequently  a  change 
of  surface  structure. 

We  also  observe  an  abmpt  decrease  of  P  and  an  increase 
of  As  at  the  InGaAsP-to-InP  interface  in  the  seconda^  ion 
mass  spectroscopy  (SIMS)  composition  profile  (see  Fig.  5). 
The  SIMS  measurement  was  performed  by  Cs  bombardment 
and  by  detecting  the  CsX'^  cluster  ion,  which  has  been  re¬ 
ported  by  Magee  er  al.-^  to  have  nearly  equal  sensitivity  for 
all  four  matrix  elements  of  InGaAsP.  The  P  and  As  spikes  at 
each  heterointerface  indicate  an  abrupt  change  in  the  surface 
coverage  of  P,  consistent  with  the  RHEED  data.  Once  the 
surface  composition  changes,  it  affects  the  composition  of 
the  subsequent  layer,  forming  a  strained  transition  region. 
The  SIMS  data  shown  that,  in  contrast  to  the  “memory  ef¬ 
fect,”  this  transition  layer  is  rich  in  As.  From  Fig.  5,  we  note 
that  the  P-to-As  substitution  is  not  as  pronounced  at  the 
InGaAsP-to-InP  interface  when  compared  to  the  As-to-P  sub¬ 
stitution  at  the  InP-to-InGaAsP. interface.  This  reveals  that 
not  only  do  surface  Ga  atoms  enhance  the  P-to-As  substitu¬ 
tion  as  proposed  by  Anan  et  but  also  surface  In  atoms 
actively  enhance  the  As-to-P  substitution.  From  this  we  infer 
that  the  As/P  exchange  occurs  more  readUy  at 
Ino53Gao47As-to-InP  interfaces  since  a  complete  group-V 
switching  is  required. 

)V.  RESULTS  AND  DISCUSSION 
A.  PL  of  heterointerfaces 

PL  spectra  measured  at  77  K  for  InGaAsAnP  and 
strained  InGaAsPAnGaAsP  MSQW  structures  grown  by  con¬ 
ventional  and  modified  GI  sequences  are  shown  in  Figs.  6(a) 


and  6(b),  respectively.  Two  important  features  are  revealed  in 
these  spectra.  First,  all  PL  peaks  for  samples  grown  by  modi¬ 
fied  GI  sequences  are  shifted  to  a  lower  energy  relative  to  the 
conventionally  grown  samples.  Second,  the  PL  peak  energies 
are  more  equally  spaced  for  samples  grown  by  conventional 
means,  indicating  an  approximately  parabolic  potential  well 
shape. 

In  order  to  characterize  the  well  shape,  the  PL  peak  en¬ 
ergies  versus  well  width  are  plotted  as  points  in  Figs.  7(a) 
and  7(b).  Calculated  curves  based  on  a  square-well  approxi¬ 
mation  with  a  conduction  band  offset  of  A£c=0.39A£y  for 
unstrained  InGaAsPAnP,^^  and  A£,=0.5A£g  for  strained 
InGaAsPAnGaAsP^"^  heterojunctions  are  also  shown  as 
solid  lines  in  Fig.  7.  Here,  A£g  is  the  band-gap  discontinuity 
at  the  heterojunction.  For  both  modified  sequence-grown 
MSQW  samples,  the  PL  data  agree  with  the  square-well  ap¬ 
proximation,  indicating  QWs  with  a  nearly  perfect  square- 
well  shape  were  obtained.  On  the  other  hand,  the  PL  data  for 
the  conventional  sequence-grown  samples  cannot  be  fit  by 
the  square-well  approximation,  especially  for  the  InGaAsAnP 
sample  whose  PL  data  are  redshifted  for  narrow  weUs  (10 
A),  and  blue  shifted  for  wider  wells  (20,  40,  and  80  A)  when 
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Strained  InGaAsP/InGaAsP  InGaAs/InP 


Well  width  (nm)  width  (nm) 

FIG.  7.  PL  peak  energies  vs  QW  width  of  the  (a)  strained  Ino.82Gao.i8Aso.55Po,45/Ino.82Gao.i8Aso.38Po.62  and  (b)  Iiioj3Gao.47As/InP  MSQWs,  Solid  lines  are  for 
the  square-well  approximation.  Dashed  lines  are  the  best  fit  obtained  using  a  nonsquare  potential  profile  as  described  in  Fig.  8(a). 


compared  to  the  calculated  square-well  curve. 

A  compositionally  tapered  potential  well  resulting  from 
species  interdiffusion  at  the  heterointerfaces  is  proposed 
[Fig.  8(a)]  to  explain  the  dependence  of  luminescence  energy 
on  well  width  observed  in  Fig.  7.  In  this  non-square-well 
approximation,  graded  regions  A  and  C  are  formed  by  the 
As/P  exchange  (inferred  from  RHEED  data),  while  B  and  D 
are  due  to  an  incomplete  group-V  switching  (suggested  by 
the  SIMS  results).  Note  that  graded  region  B  is  many  tens  of 
angstroms  thick,  consistent  with  the  SIMS  data.  The  effect  of 
graded  regions  A  and  D  is  to  lower  the  electron  energy  level, 
while  B  and  C  lead  to  an  increase  in  energy.  For  a  nonsquare 
narrow  well  as  shown  in  Fig.  8(b),  the  electron  level  (which 
is  high  in  the  well)  shifts  to  a  lower  energy  compared  to  the 
same  level  in  a  square  well.  In  contrast,  for  a  wide  tapered 
well  shown  in  Fig.  8(c),  the  low-lying  electron  level  shifts  to 
a  higher  energy  compared  to  a  square  well  with  the  same 
width  since  the  effect  from  graded  regions  B  and  C  domi¬ 
nates  in  this  case.  The  observed,  slow  decrease  in  PL  energy 
with  increasing  well  width  compared  to  the  square  well  is 
then  expected.  The  solution  to  Schrodinger’s  equation  for 
this  nonsquare  potential  well  with  parabolic  region  B  has 
been  used  to  fit  the  conventional  GI  sequence  data.  The  com¬ 
position  of  the  surface  InAs^P^.y  layer  and  the  linearly  ta¬ 
pered  region  width,  d  [as  defined  in  Fig.  8(a)]  were  used  as 
fitting  parameters.  The  best  fit  [shown  in  Fig.  7(b)  as  a 
dashed  line]  obtained  for  InGaAs/InP  QWs  shows  that  the 
interface  layer  composition  is  InAsojPo.s  grown  by  conven¬ 
tional  sequences,  indicating  a  surface  coverage  change  from 
100%  P  to  30%  P+70%  As.  Also,  a  graded  '-4-ML-thick 
transition  layer  of  InAs^Pi^^^  has  been  formed  at  the  InP-to- 
InGaAs  interface.  For  the  InGaAs-to-InP  interface,  however, 


no  transition  layer  was  used  for  the  fit  since  P/As  substitution 
is  not  as  active  as  the  As/P  substitution  at  the  InP-to-InGaAs 
interface,  as  determined  by  SIMS  measurements. 

For  strained  InGaAsPAnGaAsP  MSQWs,  the  curve  fit¬ 
ting  is  complicated  by  the  fact  that  strain  induces  changes  of 
material  parameters'^  such  as  the  valence  band  effective 
mass,  band  gap,  and  conduction  and  valence  band  offsets.  In 
fitting  the  experimental  data,  we  have  introduced  the  strain- 
induced  material  parameters  except  for  the  hole  effective 


(b)  (c) 


FIG.  8.  (a)  A  proposed  nonsquare  well  for  the  conventional  growth  se¬ 
quence.  Graded  regions  A  and  C  are  formed  by  As/P  exchange,  while  B  and 
D  are  due  to  an  incomplete  group-V  switching,  (b)  Schematic  illustration  of 
the  redshift  of  the  electron  level  in  a  “  narrow'*  well  and  (c)  the  blueshift  of 
the  electron  level  of  a  “wide**  well. 
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TABLE  1.  Summary  of  the  experimental  date  and  the  parameters  used  in  the  DCXRD  simulations. 

Experiment  (C)*  Simulation  (C)  _ Experiment  (M) 


Aqw  (A) 

180 

180 

180 

(A)** 

100 

88 

100 

(A) 

12 

(^) 

80 

80 

80 

(w-^B  (A) 

0 

0 

Graded  from  0  to  +2% 

(InAsojPgj) 

Graded  from  - 1.6% 

(lDo.53Gao.47^^.7Poj) 

—  1X10  ^  (Ino.53^%47^) 

^W-*B± 

0 

Simulation  (Af) 

180 

98^ 

1.5 

78.5 
IJ 
0 

Graded  from  +3.1%  (InAs) 
to  -1X10“^  (InGaAs) 
-1X10"^ 


graded  from  -1X10"^ 
(InGaAs)  to  +3.1%  (InAs) 


Simulation  (5) 

180 

100 

0 

80 

0 

0 

0 

-1X10”^ 


0 


-1.1X10'^ 

+140±30 


-1.2X10"^ 

+  150 


-6X10'’'*  -4X10"^ 

+75±30  +50 


-4.4X10'“^ 

+56 


(arcsec) 


*C  Af,  and  5  represent  conventional  switching,  modified  switching,  and  ideal  square  well,  respectively. 

\is  the  total  thickness  ,  where  d,  is  the  atomic  spacing  along  [100].  Also,  d^s  and  N/s  are  the  atomic  spacing  and  number  of  diffracting  planes  of 

layer  /:  barrier  (B),  barrier-to-weU  well  (W),  and  weU-to-barrier  (W^B)  layers. 

^€n  is  the  strain  along  [100]  of  layer  i,  while  €qwi  is  the  average  strain  along  [100]  of  the  QWs.  ...  ,  .  ,  a  o  n 

is  obtained  by  assuming  a  Poisson  ratio  of  0.5  and  a  lattice  mismatch  of  -5X10-*  for  InGaAs  well.  A  compositional  graded  Ino.53Gao.47As^Pi-,  weU 
viitb  an  profile  same  as  region  B  in  Fig.  8(a)  is  used  for  the  simulation  of  the  conventional  growth  method, 
is  the  angular  separation  between  the  m  =  0  satellite  peak  and  the  InP  substrate  peak. 


separation  between  the  m  =  0  and  the  substrate  peaks  for  the 
simulated  and  experimental  data  is  shown  in  Fig.  10(a), 
thereby  confirming  the  presence  of  strained  transition  regions 
at  the  conventionally  grown  heterointerfaces.  On  the  other 
hand,  an  x-ray  simulation  using  the  atomic-composition  pro¬ 
file  described  by  (iii)  above,  with  only  one  atomic  layer  of 
InAs  at  both  heterointerfaces  has  been  done  to  compare  with 
the  x-ray  data  of  the  modified  sequence.  A  match  of  the 
zeroth-order  peak  position  for  the  simulated  and  experimen¬ 
tal  data  is  shown  in  Fig.  10(b),  This  match  is  extremely  sen¬ 
sitive  to  fitting  parameters  such  as  the  thickness  and  compo- 


growth  intemipciocL  i 
_ — -♦-InGaAiCP) 


Tune 


FIG.  11.  Measured  RHEED  specular  beam  intensity  during  the  growth  of  an 
InGaAs P/InP  heterostructure  by  the  modified  growth  method. 


sition  of  the  transition  layer.  If  the  transition  layer  is  graded 
from  the  first  atomic  layer,  which  is  InAs  as  proposed  by 
atomic  profile  (iii),  to  the  well  layer,  which  is  Ino  53Gao.47As, 
then  the  fitting  shown  in  Fig.  10(b)  becomes  unique.  The 
excellent  match  of  the  data  to  the  profile  (iii)  therefore  is  an 
additional  indication  that  a  square  well  with  ML  abruptness 
was  grown  by  the  modified  GI  sequence.  Comparing  Figs. 
10(a)  and  10(b),  we  find  that  the  satellite  peak  intensities  are 
enhanced  by  the  presence  of  strain,^^-^^  consistent  with  the 
simulation  results.  - 

Finally,  the  RHEED  specular  beam  intensity  oscillations 
recorded  during  the  modified  growth  method  of  InGaAsP/InP 
heterostructures  are  shown  in  Fig.  11.  Comparing  these  data 
to  Fig.  4,  we  find  that  the  dramatic  fluctuation  in  the  RHEED 
intensity,  which  occurs  when  introducing  the  new  group-V 
flux  during  the  conventional  growth  method,  no  longer  ap¬ 
pears  in  Fig.  11.  This  indicates  a  reduced  As/P  substitution, 
thereby  a  more  abrupt  heterointerface. 


V.  CONCLUSION 

We  have  demonstrated  a  novel  group-V  switching  se¬ 
quence  for  the  gas  source  molecular  beam  epitaxial  growth 
of  lnGaAs(P)/In(GaAs)P  MQW  structures  which  results  in 
improved  interface  abruptness.  Growth  of  high  quality 
InGaAs(P)/In(GaAs)P  MQW  structures  was  demonstrated  by 
introducing  a  mixed  monolayer  of  In  and  Ga  to  the  surface 
before  the  exposure  of  the  surface  to  the  new  group-V  flux. 
Heterointerfaces  were  characterized  by  both  DCXRD  and 
PL.  The  results  show  that  both  DCXRD  and  PL  data  fit  a 
square  well  with  monolayer  heterointerface  abruptness  for 
the  modified  growth  method,  while  the  data  fit  a  graded  in- 
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terface  nonsquare  well  model  when  conventional  switching 
sequences  are  used.  These  results  suggest  that  interfaces 
grown  by  the  modified  sequences  should  result  in  improved 
heterointerface  and  MQW  device  quality. 
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Abstract — A  13-fim  wavelength,  InGaAsP-InP  folded-cavity, 
snrface-emitting  laser  with  CH4-H2  reactive  ion-etched  vertical 
and  45^  an^ed  facets  was  demonstrated  for  the  first  time. 
Continnoiis-wave  threshold  currents  of  32  mA  have  been 
achieved,  with  >15  mW  CW  power  for  the  snrface-emitted  light 
These  sarface-anitting  lasers  with  two  dry-etched  facets  m 
snitable  for  wafer-level  .esUng  and  for  monolithic  integration 
with  other  InP-based  photonic  devices. 

LONG-WAVELENGTH  InP-InGaAsP  surface-emitting 
lasers  (SEL’s)  are  useful  for  optical  communications  and 
two-dimensional  optoelectronic  interconnections  employing 
InP-based  optoelectronic  integrated  circuits  [1].  Research 
on  1.3-/xm  and  L55-Atm-long  wavelength  SEL’s  has  been 
centered  on  four  different  types  of  laser  structures:  vertical- 
cavity  SEL’s  [2]-[3]»  grating  SEL’s  [4],  integrated-deflector 
SEL’s  (IDSEL’s)  [5]-[6],  and  folded-cavity  SEL’s  (FCSEL’s) 
[7}-[9].  To  date,  some  of  the  most  successful  SEL’s  utilize 
high  temperature  (740  ®C)  mass  transponed  integrated 
deflectors  [5],  or  wafer-fused  GaAs-AlAs  vertical-cavity 
mirrors  [2].  Unfortunately,  the  high  temperature  processes 
and/or  complicated  structures  of  these  devices  are  not  readily 
compatible  with  monolithic  integration  of  devices  such  as 
transistors  and  detectors. 

In  this  respect,  FCSEL’s  and  IDSEL’s  with  etched  beam- 
deflectors  for  surface-emission,  and  a  simple  p-i-n  material 
structure  with  a  fabrication  process  nearly  identical  to  that 
of  simple  etched-facet  lasers,  can  be  easily  incorporated  into 
InP  photonic  integrated  circuits.  Considerable  work  on  etched- 
facet  InP  IDSEL’s  has  recently  been  reported  with  threshold 
currents  of  approximately  30  mA  [6].  Unfortunately,  most 
devices  of  this  type  suffer  from  low  output  efficiency.  On 
the  other  hand,  compared  to  an  external  deflector,  the  45® 
total  internal  reflectioh  mirror  of  a  FCSEL  exhibits  superior 
deflecting  efficiency,  and  requires  no  high-reflectivity  coatings, 
and  high  performance  FCSEL’s  based  on  GaAs  material  have 
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already  been  demonstrated  [10].  For  InP-InGaAsP  FCSEL’s, 
many  technologies,  such  as  inclined  reactive  ion  beam  etching 
[6]  and  focused  ion  beam  etching  [8]  have  been  adopted  for 
the  fonnation  of  the  45®  facet,  and  devices  reported  to  date  still 
exploit  one  cleaved  facet  primarily  due  to  the  inferior  quality 
of  the  etched  45®  minor. 

Following  the  demonstration  of  a  precisely  etched 
InP-InGaAsP  45®  facet  [9],  in  this  work  we  report 
the  fabrication  of  L3-/im  wavelength,  strained  MQW 
InP-InGaAsP  FCSEL’s  with  45®  angle  and  vertical  facets. 
With  both  facets  dry-etched,  these  devices  can  be  tested  at 
the  wafer  level,  and  can  be  readily  integrated  with  other 
long-wavelength  optoelectronic  devices.  A  low,  continuous- 
wave  (CW)  threshold  current  of  32  mA  and  18%  efficiency 
for  the  surface-emitted  light  was  achieved  for  4-^m-wide  by 
600-/xm-long  devices.  Threshold  current  as  low  as  25  mA  was 
measured  for  470-^m-long  devices  with  one  facet  cleaved. 
To  our  knowledge,  this  is  the  first  demonstration  of  truly 
integratable  InP— InGaAsP  FCSEL’s,  and  the  threshold  current 
represents  a  30%  improvement  over  the  lowest  value  reported 
to  date  for  1.3  fim  wavelength  FCSEL’s  [9].  Furthermore,  a 
CW  power  >15  mW  for  vertical  light  emission  is  observed, 
which  is  comparable  to  the  best  value  reported  to  date  for 
SEL’s  at  this  wavelength  [6]. 

The  laser  wafer  was  grown  by  gas-source  molecular 
beam  epitaxy  (GSMBE)  on  a  S-doped  n"^  InP  substrate. 
A  1-^m  thick,  lightly  Si-doped  (2  x  10^^  cm“^)  InP  lower 
cladding  layer  was  first  grown,  followed  by  a  1200-A  thick, 
undoped  InGaAsP  lower  waveguide  layer  which  had  a 
bandgap  cutoff  wavelength  of  =  1.15  /xm.  After  growth 
of  the  undoped  active  region,  a  12()0-A-thick,  InGaAsP  A^  = 
1.15  fj.m  upper  waveguide  layer  was  grown.  The  active  region 
consists  of  five  compressiveiy  strained  InGaAsP  quantum 
wells  with  105- A  wide  barriers  (A^  =  1.15  /xm)  and  67-A  wide 
wells  (A^  =  1.4  /xm).  Finally,  we  grew  a  1.2-/xm  thick, 
Be-doped  (2  x  10^^  cm”^  to  5  x  10^*^  cm"^)  InP  upper 
cladding  layer,  and  an  800-A-thick,  p"^  InGaAs  top  contact 
layer  Be-doped  to  ~2  x  10^^  cm“^. 

The  device,  shown  schematically  in  Fig.  1,  exploits  a  45® 
facet,  a  vertical  facet,  and  a  ridge  waveguide,  all  formed 
by  dry  etching  using  a  CH4-H2  plasma.  The  device  pro¬ 
cessing  started  by  patterning  4-/xm-wide  by  600-/xm-long 
SiNx  (20(X)-A  thick)  strips  that  served  as  a  dry-etching  mask 
for  the  ridge  waveguide.  The  ridge  etching  was  stopped 
~2000  A  above  the  undoped  waveguide  region.  A  flat  surface 
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Hg.  3.  CW  li^t-cuirent  characteristics  of  a  600-^m-loiig  by  4-/zm-wide 
ctched-facct  FCSEL. 


-150  -100  -50  0  50  100 

Temperature  (®C) 

Hg.  4,  CW  threshold  current  versus  temperature  for  a  FCSEL  with  two 
etched  facets-  The  different  characteristic  temperatures  (To)  over  different 
temperature  ranges  are  indicated. 


Spectrum  becomes  multimode.  The  single-mode  operation 
of  this  device  is  quite  different  from  the  published  data 
reported  for  cleaved-facet  laser  diodes.  Preliminary  study 
indicates  that  the  multiple  reflections  from  the  two  etched 
facets  and  the  step  at  the  end  of  the  lidge  waveguide  (in  effect, 
forming  a  coupled  cavity  structure)  might  contribute  to  the 
high  side-mode  suppression  in  this  device.  However,  further 
investigation  of  this  important  difference  between  InP-based 
FCSEL’s  and  cleaved-facet  lasers  is  currently  underway. 

The  CW  Itk  measured  as  a  function  of  temperature  from 
—143  "="€-50  is  shown  in  Rg.  4.  The  characteristic  tem¬ 
perature  (To)  is  224  K  for  T  <  -90  ®C,  84  K  for  T  <  0®C, 
and  43  K  for  T  >  0®C.  The  low  temperature  To  is  comparable 
to  that  obtained  for  conventional,  1.3-/xm  wavelength  MQW 
InP-InGaAsP  lasers,  whereas  the  To  around  room  temperature 
is  only  about  half  that  of  the  cleaved-facet  laser  (where 
To  ~  80  K-1(X3  K).  This  is  primarily  due  to  the  n-side  down 
bonding  and  the  relatively  high  contact  resistance  (^13  Q)  of 
our  FCSEL’s. 

In  conclusion,  we  have  fabricated  GSMBE-grown, 
1.3-/xm  wavelength,  strained  MQW  InP-InGaAsP  etched- 
facet  FCSEL’s  with  a  very  low  CW  threshold  current  of 
32  mA.  To  our  knowledge,  this  is  the  first  demonstration 
of  high-performance,  etched-facet,  1.3-/im  FCSEL’s.  With 
wafer-level  bonding  on  a  heat  sink,  a  surface-normal  power 
in  excess  of  15  mW  was  achieved-  Single  longitudinal-mode 
operation  with  >  15  dB  side-mode  suppression  was  observed. 
The  simple  and  reproducible  high-quality  etching  of  the 
45°  and  vertical  facets  in  a  conventional  CH4-H2  RIE 
system  made  these  FCSEL’s  attractive  for  applications  that 
require  monolithic  integrated  lasers  with  other  InP-based 
optoelectronic  devices. 
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Surface-emitted  light 


Fig.  1.  Scbexnaxic  of  a  GaloAsP-kiP  etcbed-facet  FCSEL  with 

dxy-etched  vexncai  and  45^  facets. 


was  preserved  on  bodi  ends  of  the  ridge  waveguide  for  the 
facet  etchings,  A  6000-A  thick  SiN*  layer  was  deposited  for 
p-contact  isolation.  The  SiNr  on  top  of  die  ridge  was  removed 
by  a  photoresist  planarization  process,  followed  by  depositing 
a  50-^tm  wide,  Th-Pt-Au  (200  A/500  A/4000  A)  p-contact  pad. 
All  three  dry-etching  processes  (i.e.,  the  two  facets  and  ridge 
guide)  were  carried  out  in  a  conventional  reactive  ion  etching 
system  using  a  1:5  CH4-H2  mixture  at  30  mtorr.  The  self-bias 
was  500  V  for  die  ridge  etching,  and  was  raised  to  660  V  for 
the  vertical  and  45®  facet  etchings  to  enhance  the  directionality 
of  the  ions.  To  remove  polymer  accumulation  during  etching, 
a  2-min  O2  plasma  back-etch  was  applied  periodically  after 
every  5  min  of  CH4-H2  etching.  A  custom-designed  laser 
wafer  holder  reported  previously  [9]  was  used  for  the  45® 
facet  formatioTL  The  etch  rate  was  ^500  A/min  for  the  normal 
facet,  and  ~360  A/min  along  the  angled  facet  Smooth  and 
highly  directional  etching  of  the  vertical  and  undercut  45® 
facets  was  observed.  After  a  slight  polishing,  we  deposited 
Ge-Au-Ni-Au  (270  A/450  A/215  A/1200  A)  on  the  substrate 
side  for  the  n-contact  metal,  followed  by  a  90-s,  365  ®C  rapid 
thermal  contact  anneal  to  complete  the  process. 

The  devices  were  tested  at  the  wafer  level  under  pulsed 
operation  (1  /xs,  10  kHz)  without  a  heal  sink.  Shown  in  Fig.  2 
are  the  room-temperature  light-current  (L-I)  characteristics  for 
a  4-^m  wide  by  600-/xm  long  etched-facet  FCSEL,  and  for  a  4- 
/xm-wide  by  470-^m-long  FCSEL  with  one  facet  cleaved.  Also 
shown  in  the  figure  is  the  emission  spectrum  of  the  etched- 
facet  FCSEL  at  /  =  45  mA,  where  we  observe  a  wavelength 
of  132  ^m,  and  a  15  dB  side-mode  suppression.  The  threshold 
current  {Ith)  and  the  quantum  efficiency  (77^)  for  the  surface- 
emined  light  are  32  mA  and  18%  for  the  etched-facet  FCSEL, 
and  25  mA  and  25%  for  the  cleaved-facet  FCSEL,  respec¬ 
tively.  Both  device  results  represent  a  substantial  reduction  in 
the  threshold  current  for  long-wavelength  FCSEL’s,  and  the 
efficiencies  are  also  among  the  highest  reported  to  date  for 
any  InP-InGaAsP  long- wavelength  SEL’s,  second  only  to  the 
IDSEL  made  using  mass  transport  [5]. 

To  more  accurately  determine  the  quality  of  the  etched 
facets,  we  measured  the  L-I  characteristics  for  460-;xra  long, 
conventional  cleaved-facet  lasers,  and  560-ptm  long  cleaved- 
facet  FCSEL’s  with  the  same  ridge  width.  The  cleaved-facet 
lasers  have  a  threshold  current  of  from  Ith.  =  22  to  24  mA, 
with  24%  quantum  efficiency  per  facet,  and  the  560-/xm  long 
FCSEL’s  have  Uh  =  30  mA  with  =  20%  (15%  for 
edge-emitted  light,  The  higher  surface-emitting  quantum 
efficiency  is  due  to  the  smaller  reflectivity  for  the  45®  mirror 
as  opposed  to  the  cleaved  facet  The  comparable  Ith  and 


Current  (mA) 

Fig.  2.  Surface-emitted  Ughc-emrent  charaaeiistics  for  lasers  under  pulsed 
operadon  for  (a)  a  600-/im  by  etched-facet  FCSEL  (the  emission 

spectrum  at  45  mA  is  also  shown)  and  (b)  a  470-/xm  by  4-;xm  FCSEL  with 
one  cleaved  facet 

efficiency  for  devices  of  similar  length  indicated  that  the 
performance  degradation  due  to  the  etched  facets  was  minimal. 
Following  the  method  suggested  in  [9],  and  using  an  internal 
loss  ai  =  10  cm~^,  internal  efficiency  rji  =  60%,  (both  values 
typical  for  4-/zm  wide  ridge  lasers  grown  in  our  laboratory), 
and  and  as  mentioned  above,  the  reflectivity  of  the  45® 
facet  (jR,)  for  the  560-;im  cleaved-facet  FCSEL  was  estimated 
to  be  20%,  with  an  additional  15%  loss  (S5)*primarily  due  to 
diffiraction  in  the  unguided  cavity  portion.  Assuming  the  same 
Rs  and  5,  for  the  etched-facet  FCSEL’s,  the  reflectivity  at  the 
etched  vertical  facet  (R^)  can  be  estimated  from  the  following 
equation: 

—  Olm  I  1— — Sj 
Q„  +  ai  1  +  X  1--R5 
where  L  =  600  nm  is  the  device  length,  and 

The  only  unknown  variable,  J?«,  was  calculated  to  be  22%, 
which  is  10%  less  than  for  a  cleaved  facet  This  difference 
was  larger  than  expeaed  for  a  high-quality  dry-etched  vertical 
facet,  and  might  have  been  caused  by  multiple  reflections 
between  the  etched  facet  and  the  ridge  end,  since  the  ridge 
was  terminated  ^3-5  before  reaching  the  facet 
Fig.  3  is  the  CW  L-I  characteristic  for  a  600-^m  long 
etched-facet  FCSEL  bonded  n-side  down  on  a  Cu  heat  sink. 
For  this  device,  we  find  that  Ith  =  32  mA  and  rjd  = 
18%,  and  a  high-output  power  of  15  mW.  The  emission 
spectrum  measurement  exffibited  a  dominant  lasing  mode  at 
A  =  1.3206  /xm,  and  a  13-dB  side-mode  suppression  was 
observed  around  J  =  86  mA.  For  currents  >100  mA,  the 
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Fig.  3.  CW  light-<nirrent  characteristics  of  a  600-/zin-long  by  4-/im-wide 
etched-facet  FCSHL. 

spectnim  becomes  multimode.  The  single-mode  operation 
of  this  device  is  quite  different  from  the  published  data 
reported  for  cleaved-facet  laser  diodes.  Preliminary  study 
indicates  that  the  multiple  reflections  from  the  two  etched 
facets  and  the  step  at  the  end  of  the  ridge  waveguide  (in  effect, 
forming  a  coupled  cavity  structure)  might  contribute  to  the 
high  side-mode  suppression  in  this  device.  However,  further 
investigation  of  this  important  difference  between  InP-based 
FCSEL’s  and  cleaved-facet  lasers  is  currently  underway. 

The  CW  Ith,  measured  as  a  function  of  temperature  from 
-143  ®C-50  °C  is  shown  in  Fig.  4.  The  characteristic  tem¬ 
perature  (To)  is  224  K  for  T  <  -90  ^C,  84  K  for  T  <  0®C, 
and  43  K  for  T  >  0°C.  The  low  temperature  To  is  comparable 
to  that  obtained  for  conventional,  1.3-;im  wavelength  MQW 
InP-InGaAsP  lasers,  whereas  the  Tq  around  room  temperature 
is  only  about  half  that  of  the  cleaved-facet  laser  (where 
To  ^  80  K-lOO  K).  This  is  primarily  due  to  the  n-side  down 
bonding  and  the  relatively  high  contact  resistance  (~13  Q)  of 
our  FCSEL’s. 

In  conclusion,  we  have  fabricated  GSMBE-grown, 
1.3-;im  wavelength,  strained  MQW  InP-InGaAsP  etched- 
facet  FCSEL’s  with  a  very  low  CW  threshold  current  of 
32  mA.  To  our  knowledge,  this  is  the  first  demonstration 
of  high-performance,  etched-facet,  1.3-/2m  FCSEL’s.  With 
wafer-level  bonding  on  a  heat  sink,  a  surface-normal  power 
in  excess  of  15  mW  was  achieved.  Single  longitudinal-mode 
operation  with  >15  dB  side-mode  suppression  was  observed. 
The  simple  and  reproducible  high-quality  etching  of  the 
45°  and  vertical  facets  in  a  conventional  CH4-H2  RIE 
system  made  these  FCSEL’s  attractive  for  applications  that 
require  monolithic  integrated  lasers  with  other  InP-based 
optoelectronic  devices. 
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Fig.  4.  CW  threshold  current  versus  temperature  for  a  FCSEL  with  two 
etched  facets.  The  different  characteristic  temperatures  (To)  over  different 
temperature  ranges  are  indicated. 
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We  report  the  growth,  by  gas  source  molecular  beam  epitaxy  (GSMBE)  of  low-threshold  1.3-/un 
wavelength  strained-layer  Ino.86®^.i4A^J2Po.48/^.86®^.i4^^3^o.7  separate  co  emeiU 
heterostructure  multiple  quantum  well  lasers.  Threshold  cunents  as  low  as  16  mA  were  me^med 
for  a  390X5-/rm  ridge  laser,  and  a  threshold  cunent  density  of  7^1-490  A/cm  was  achieved  for  a 
1200X5-/im  device.  Apparently,  this  is  the  lowest  value  of  7*  reported  to  date  for  1.3-/un  l^rs 
grown  by  GSMBE,  and  is  comparable  to  the  best  devices  grown  by  other  techniques  such  as 
chemical  beam  epitaxy  and  metalorganic  vapor  phase  epitaxy. 


Gas  source  molecular  beam  epitaxy  (GSMBE)  using 
phosphine  as  the  phosphorous  source  is  suitable  for  growing 
InP-based  optoelectronic  devices,  such  as  1.3-  and  \55-pm 
wavelength  quantum  well  lasers.^  GSMBE  is  also  capable  of 
producing  high-quality  heterointerfaces,  as  required  in  quan¬ 
tum  well  lasers,  owing  to  the  fast  gas  switching  and  excellent 
control  of  the  epitaxial  layer  thickness.^  While  high-quality 
GSMBE-grown  1.55-/an  lasers  have  been  reported,^  to  our 
knowledge,  there  have  as  yet  been  no  reports  of  high  perfor¬ 
mance  GSMBE-grown  1.3.-/tim  lasers.  The  challenge  in- 
volvcd  in  growing  lasers  is  that  two  quaternary  ma- 

terials  with  different  band  gaps  are  usually  required  to  be 
grown  in  a  separate  confinement  heterostructure  (SCH)  to 
improve  the  optical  confinement  of  the  active  waveguiding 
region.  Of  these  two  quaternary  materials,  the  one  with  the 
larger  band  gap  is  for  both  the  guiding  and  barrier  layers, 
while  the  smaller  band-gap  material  is  for  the  quantum  wells. 
The  guiding  quaternary  must  be  lattice  matched  to  the  InP 
substrate  to  avoid  the  formation  of  misfit  dislocations  which 
results  in  excessive  nonradiative  recombination.  On  the  other 
hand,  strain  can  be  intentionally  incorporated  into  the  qua¬ 
ternary  wells  to  lower  the  threshold  current.'* 

In  this  letter,  we  report  the  growth  of  1.3-/tm  wavelength 
Ino.86Gao.i4Asojs2Po.48/Ino.86Gao.i4Aso;3Po.7  strained-layer  mul¬ 
tiple  quantum  well  (MQW)  lasers  by  GSMBE.  A  threshold 
current  density  of  490  A/cm^  was  achieved  on  a  1200X5-/im 
ridge  laser.  For  a  390X5-/rm  ridge  laser,  a  threshold  current 
as  low  as  16  mA  was  measured. 

The  material  was  grown  in  a  Riber  CBE32  chamber 
equipped  with  a  2200-//S  turbomolecular  pump  and  a  CTI-S 
cryopump.  Elemental  indium  and  gallium  were  used  as  the 
group  III  sources,  while  arsenic  and  phosphorous,  obtained 
by  cracking  100%  pure  arsine  and  phosphine,  respectively, 
were  used  for  the  group  V  sources.  The  cracking  temperature 
was  900  °C  for  both  arsine  and  phosphine.  The  switching  of 
hydride  gases  was  performed  in  a  run/vent  design.  Elemental 
beryllium  and  silicon  were  used  as  the  p-type  and  n-type 
dopants,  respectively.  The  growth  chamber  base  pressure  is 


‘^Currently  on  leave  from  the  Department  of  Materials  Science,  University 
of  Southern  California,  Los  Angeles,  CA. 


—4X10“*°  Torr,  and  all  source  cells  are  kept  at  standby  tem¬ 
peratures  of  from  450  to  600  *C. 

Prior  to  growth,  the  substrate  was  degreased  by  boiling 
in  1,1,1-trichloroethane,  followed  by  successive  rinses  in  ac¬ 
etone  and  methanol.  'The  sample  was  etched  in  a  3:1:1 
H2S04:H20:H202  solution  and  rinsed  thoroughly  in  de¬ 
ionized  water.  The  substrate  was  then  loaded  into  the  vacuum 
chamber  immediately  after  being  indium-bonded  to  a  molyb¬ 
denum  holder.  The  substrate  was  outgassed  at  -250  *C  for 
60  min  to  evaporate  most  of  the  volatile  species  prior  to 
growth,  followed  by  a  thermal  cleaning  process  at  -525  “C 
for  5-10  min  inside  the  growth  chamber  under  a  phosphor¬ 
ous  overpressure  of  -1.8X10“*  Ton  used  to  prevent  surface 
decomposition.  Reflection  high-energy  electron  diffraction 
(RHEED)  was  used  in  situ  to  monitor  the  reconstruction  of 
the  substrate  surface.  RHEED  patterns  with  continuous 
streaks  were  observed  before  as  well  as  throughout  the  entire 
growth  process  indicating  planar  surfaces.  The  chamber  pres¬ 
sure  during  growth  was  1.8-2.6X10“*  Torr,  where  a  total 
hydride  flow  rate  of  2.6-3.5  seem  was  used.  Typical  growth 
rates  were  0.9, 1.2,  and  1.7  /rm/h  for  InP,  Inj.Gaj_;fASj,Pi_j, 
and  Inoj3Gao.47As,  respectively. 

The  laser  structure,  as  shown  in  Fig.  1,  was  grown  on  a 
S-doped  (100)  InP  substrate  at  a  temperature  of  -510  *C. 
First,  a  l-/mi-thick,  -IX 10**  cm“*  Si-doped  InP  buffer 
layer  followed  by  a  300-A-thick  undoped  InP  spacer  layer 
was  grown.  This,  in  turn,  was  followed  by  the  gro^h  of  the 
undoped  guiding  and  active  layers.  The  active  region,  sand¬ 
wiched  between  two  1000-A-thick,  lattice  matched 
(Aa/a=5Xl0“'*)  Ino.86Gao.i4Aso.3Po.7  (band-gap  cutoff 
wavelength  X^=l.l  A™)  guiding  layers,  consists  of  four 
compressively  strained  quantum  wells.  The  wells  consist  of 
67-A-thick,  Ino.MGao.14Asoj2Po.48.  separated  by  barriers  con¬ 
sisting  of  100-A-thick  Ino.g6Gao.i4AsojPo.7  layers.  The  well 
thickness  (67  A)  is  chosen  so  that  the  room-temperature  pe^ 
photoluminescence  (PL)  wavelength  of  the  quantum  wells  is 
—1.3  fivd,  as  required.  A  300-A-thick  undoped  InP  jpacer 
was  grown,  followed  by  a  l-/im-thick,  5X10*’  um  * 
doped  InP  upper  cladding  layer,  and  a  500-A-thick 
lno53Gao.47As  contact  layer  with  a  Be  concentration  of 
~i-2xio‘*  cm“*. 

In  growing  the  MQW  structures,  the  In/Ga  flux  ratio  was 


892  Appl.  Phys.  Lett.  65  (7).  15  August  1994  0003-6951/94/65(7)/892/3/$6.00 

18 


©  1994  American  Institute  of  Physics 


500A  p+-lnGaAs  contact  layer 
polyimide 
p*InP  cladding 


undoped  active  region 
l|im  n-InP  cladding 
n+-InP  substrate 
Gc/Au/Ni/Au  n-mctal 


AuZn/Au  p-meial 


FIG.  1.  Schematic  structure  of  a  1.3-/Ain  ridge  waveguide  laser  diode.  The 
material  structure  of  the  MQW  active  region  is  also  shown. 

kept  constant  whDe  only  the  AS2/P2  flux  ratio  was  varied.  A 
growth  interruption  of  15  s  occurred  during  readjustment  of 
the  flow  rates  at  every  heterointerface.  The  use  of  growth 
interruptions  has  previously  been  found  to  eliminate  surface 
roughening,  thus  improving  the  heterointerface  quality.  The 
time  interval  (10  s)  between  closing  the  group  III  shutters 
and  switching  the  group  V  gases  served  to  smooth  out  is¬ 
lands  and  steps  on  the  surface,  while  the  other  time  iqterval 
(5  s)  was  used  to  re-equilibrate  the  flow  for  the  next  epitaxial 
layer.  The  latter  time  interval  was  kept  short  to  avoid  the 
As-P  exchange’  at  the  heterointerfaces.  An  additional  evacu¬ 
ation  time  of  3  s  was  introduced  into  the  growth  interruption 
used  for  the  InGaAsAnP  heterojunctions,  where  a  complete 
P/As  flux  change  is  required.  A  3-s  evacuation  permitted  an 
~80%  decrease  of  the  chamber  pressure,  thus  performing  the 
P/As  switching  in  a  time  sufficiently  short  to  avoid  surface 
decomposition. 

Figure  2  shows  room-temperature  and  77-K  PL  spectra 
for  a  structure  with  7-,  5.25-,  and  3.5-nm  nominal  well 
widths,  which  served  to  calibrate  the  luminescence  wave¬ 
length  of  the  MQW  structure.  A  thermally  broadened  full 
width  at  half  maximum  (FWHM)  of  21.5  and  7.4  meV  were 
obtained  for  room-temperature  and  77  K  PL,  respectively, 
indicating  that  the  grown  materials  are  of  very  high  quality. 
The  strain  of  the  well  material  was  estimated  to  be  -t-0.8% 
using  double-crystal  x-ray  rocking  curve  measurements.  It  is 
worth  mentioning  that  up  to  at  least  20  Pendellosung  fringes 
(see  Fig.  3)  were  resolved  in  double-crystal  x-ray  rocking 
curve  measurements  of  the  laser  structure,  again,  indicating 
the  growth  of  layers  with  sharp  heterointerfaces. 

The  device  processing  starts  with  the  deposition  of 
5-/im-wide  Ti  stripes  used  as  a  mask  for  ridge  etching.  Citric 
acid  was  used  to  remove  the  top  InGaAs  layer,  followed  by 


FIG.  2.  Room-temperature  and  77-IC  photoluminescence  spectra  of  multiple 
single  quantum  well  structure.  Both  spectra  show  very  nanow  line"  idths  of 
the  QW  struemre. 


removing  ~8000-A  InP  in  a  1:10  diluted  HBr  solution.  The 
11  mask  was  then  removed  using  buffered  HF,  and  the  top 
AuZn/Au  jj- contact  was  applied  using  a  self-aligned  polyim¬ 
ide  planarization  process.  The  wafer  was  lapped  to  a  thick¬ 
ness  of  -120  Atm,  followed  by  e-beam  evaporation  of  the 
Ge/Au/Ni/Au  n  contact  on  the  substrate. 

Light-current  (I-/)  characteristics  for  devices  with  cav¬ 
ity  lengths  ranging  from  390  to  1200  /rm  were  measured 
using  a  calibrated  InGaAs  detector.  A  typical  I-/  curve  for  a 
390X5-/im  ridge  as-cleaved  waveguide  laser  is  shown  in 
Fig.  4(a).  A  threshold  current  of  16  mA  was  measured.  The 
lasing  wavelength  was  measured  to  be  1.302  /rm  at  /=/th 
and  shifts,  due  to  device  heating,  to  1.304  /xm  at  /=2/,h. 
The  inset  in  Fig.  4(a)  shows  the  laser  emission  spectrum 
measured  at  7=22  mA.  The  slope  efficiency  of  the  same 
device  is  0.2  mW/mA  per  facet  up  to  a  6‘  mW  output  power. 
For  ridge  lasers,  the  transparency  cunent  density  is  320 
A/cm^  as  obtained  from  a  plot  of  threshold  current  density 
(Jth)  versus  inverse  cavity  length  (1/L),  as  shown  in  Fig. 
4(b).  Furthermore,  an  internal  quantum  efficiency  of  91% 
and  a  loss  of  20  cm“^  were  measured.  Also  a  threshold  cur- 


FIG.  3.  A  double-crystal  x-ray  diffraction  rocking  curve  of  the  laser  struc¬ 
ture.  Up  to  at  least  20  Pendellosung  fringes  are  resolved. 
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FIG.  4.  (a)  Light-current  characteristic  of  a  390X5-Mni  ridge  laser.  Inset 
shows  the  lasing  spectrum  at  1—22  mA.  (b)  Plot  of  threshold  current  density 
vs  inverse  cavity  length. 


rentdensity  of  490  A/cm^  was  obtained  on  a  1200-/im-long 
ridge  laser,  which  to  our  knowledge  is  the  lowest  reported  to 
date  for  GSMBE-grown  1.3- /xm  lasers.  This  value  is  compa¬ 
rable  to  devices  grown  by  other  techniques.  For  example, 
Hausser  et  al}^  have  obtained  a  Jui=400  A/cm'  for  a  750- 


/xm-long  decoupled  confinement  heterostrucmre  laser  grown 
by  chemical  beam  epitaxy  (CBE).  Imajo  cm/."  reported  a 
jj^=450  A/cm-  for  a  900-/im-long,  InAs^Pj-y/InP  strained- 
layer  MQW  laser  grown  by  metalorganic  chemical  vapor 
deposition  (MOCVD). 

Due  to  a  smaller  refractive  index  step  and  conduction- 
band  offset  between  the  barrier  and  well  layers,  a  1.3-/im 
KiGai_^iASyiPi-yi/In^2Gai-^2ASy2Pi-y2  laser  usually 
suffers  from  inferior  optical  and  electrical  confinement  com¬ 
pared  to  a  1.55-;xm  laser.  By  an  appropriate  design,  and  by 
employing  strain  into  the  well  material,  we  have  demon¬ 
strated  that  1.3- Aim  lasers  can  still  demonstrate  very  low 
threshold  currents.  In  conclusion,  we  have  described  the 
growth  of  low-threshold,  1.3-/im  wavelength,  strained-layer 
Ino.86Gao.i4Aso.52Po.48/lno.86Gao.i4Aso.3Po.7  separate  confine- 
ment  heterostructure  MQW  lasers  by  GSMBE.  A  threshold 
current  as  low  as  16  mA  was  measured  for  a  390X5-/im 
ridge  laser,  and  a  threshold  current  density  of  490  A/cm“  was 
achieved  for  a  1200X5-/im  device.  To  the  best  of  our  knowl¬ 
edge,  these  are  the  lowest  values  reported  to  date  for  1.3-/zm 
lasers  grown  by  GSMBE. 
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Fabrication  and  Analysis  of  High-Contrast 
InGaAsP-InP  Mach-Zehnder  Modulators 
for  Use  at  1.55-/xm  Wavelength 

M.  Fetterman,  C.-P.  Chao,  and  S.  R.  Forrest 


Abstract^  X  high-contrast  ratio,  low  voltage-length  product, 
multiple  quantum  well  InGaAsP-InP  Mach-Zehnder  interferom¬ 
eter  is  demonstrated  and  analyzed.  An  on/off  ratio  of  over  40  dB 
and  voltage-length  product  of  1.8  V-mm  were  measured,  results 
which  are  superior  to  previous  reports  of  similar  MQW  struc¬ 
tures.  Using  the  Lanczos-Helmholtz  beam  propagation  method, 
we  find  that  the  linear  and  quadratic  electrooptic  coefficients 
for  InGaAsP  quantum  wells  are  r  =  (3.9  ±  1.7)  pmA^  and  5  = 
(5.0  ±  1.5)  X  10”^’  respectively.  We  also  demonstrate 

active  optical  alignment  of  the  modulator  guides  using  integrated 
waveguide  light  emitting  diodes. 


L  Introduction 

IGH-FREQUENCY  modulation  at  a  wavelength  of 
X  -  1.55  /im  is  important  for  telecommunications 
and  data  communications  [1].  External  modulators  such  as 
the  Mach-Zehnder  (MZ)  interferometer  can  operate  at  high 
frequencies,  and  can  have  relatively  low  chirp.  Commercial 
MZ’s  are  generally  made  from  bulk  LiNbOa  crystals.  On  the 
other  hand,  semiconductor  multiple  quantum  well  (MQW) 
devices  [2]-[5]  that  utilize  the  quantum  confined  Stark  effect 
(QCSE)  have  a  larger  electrooptic  coefficient  than  devices 
made  from  lithium  niobate  [6],  leading  to  low  switching 
voltages,  reduced  power  consumption,  and  high  bandwidths. 
Semiconductors  also  offer  the  potential  for  integration  with 
other  active  optoelectronic  components  [7]. 

In  this  letter,  a  high-contrast  ratio,  low  voltage-length  prod¬ 
uct  InP/InGaAsP  MZ  for  use  at  a  wavelength  of  A  =  1.55  /xm 
is  demonstrated.  The  3(X)-^m  long  device  has  a  6  V  switching 
voltage,  a  switching  voltage-length  product  ofV  ^  L  =  1.8  V- 
mm,  and  an  on/off  ratio  i?  >  40  dB.  These  parameters,  to  our 
knowledge,  exceed  those  reported  to  date  [2]-[5].  The  high  R 
value  of  this  MZ  is  due  to  low  absorption  loss  and  balanced 
splitting  between  the  arms  of  the  Y-branches  (YB’s),  and  the 
low  V  •  L  product  is  a  consequence  of  the  strong  electrooptic 
effect  in  the  InGaAsP  guiding  layers  and  quantum  wells. 
To  accurately  analyze  this  device,  we  apply  and  extend  the 
Lanczos-Helmholtz  Beam  Propagation  Method  [8]  (LHBPM) 
to  calculate  the  optical  overlap  factor,  and  to  study  the  splitting 
[9]  in  the  arms  of  the  YB.  In  addition,  we  introduce  alignment 
electrodes  which  consist  of  light-emitting  diodes  (LED’s)  on 
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Fig.  1.  Perspective  schematic  view  of  the  Mach-Zehnder  modulator.  Inset 
IiMge  of  the  light  spot  emined  from  an  alignment  electrode.  Dimensions  of 
the  ^ded  light  from  the  electrode  are  on  the  order  of  (10  /xm)^. 


the  input  and  output  of  the  modulator  waveguides.  They 
simplify  the  task  of  aligning  the  MZ  waveguides  with  input 
and  output  optical  fibers,  and  are  useful  for  packaging  and 
fiber  pigtailing. 

The  MZ  modulator  structure,  shown  schematically  in  Fig. 

1,  has  two  YB’s  with  a  6°  separation  angle,  a  3  /xm  wide 
waveguide  ridge,  and  active  lengths  that  vary  from  3(X)— 700 
/xm.  The  center-to-center  spacing  of  the  electrode  arms  is  20 
/xm,  and  the  total  device  length  is  2.5  /xm.  The  alignment 
electrodes  allow  for  active  fiber  alignment  to  the  waveguide 
by  forward  biasing  light  emitting  diodes  (LED  s)  at  both  ends 
of  the  MZ.  By  placing  a  detector  at  the  opposite  end  of  the 
fiber  pigtail,  the  MZ  waveguide  can  be  rapidly  and  accurately 
aligned  to  the  output  fiber.  The  light  intensity  pattern  emitted 
from  one  of  these  diodes  is  shown  in  the  inset  of  Fig.  1,  and 
the  dimensions  of  the  light  spot  are  on  the  order  of  10  /xm. 
clearly  indicating  guiding  of  the  emitted  light  in  the  ridge 
region. 

The  wafer  was  grown  by  metalorganic  chemical  vapor 
deposition  on  (100)  n“^  InP  S-doped  at  10^®  cm  The  first 
layer  is  a  l-/xm  thick,  S:InP  buffer  layer  also  doped  to  10^® 
cm“®,  followed  by  a  0.1-/xm  thick,  undoped  InGaAsP  cladding 
layer  with  an  energy  gap  of  Eg  =  1.08  eV.  The  undoped 
quantum  well  region  consists  of  5  unstrained  InGaAsP  {Eg  = 
0.90  eV),  70- A  thick  quantum  wells,  and  1 00- A  thick  barriers 
with  Eg  =  1.08  eV.  A  second  undoped,  0.1-/xm  thick  InGaAsP 
buffer  layer  {Eg  =  1.08  eV),  a  Zn:InP  (5  x  10^‘  cm"^)  l-/xm 
thick  waveguiding  layer,  and  a  0.2-/xm  thick,  Zn:InGaAs  layer 
(10^^  cm"®)  for  ohmic  contact  are  grown  on  top. 
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To  fabricate  the  waveguide  device,  a  1000- A  thick  layer 
of  SiNx  is  deposited  using  plasma  enhanced  chemical  vapor 
deposition  at  a  substrate  temperature  of  250  ®C.  The  SiNx  is 
then  patterned  as  a  3-^m  wide  ridge  etching  mask.  A  0.85  /xm 
deep  InGaAs-InP  ridge  was  formed  by  reactive  ion  etching 
in  a  550  V,  CH4-H2  (1:6)  plasma.  Next,  a  3000  A  thick 
SiNx  contact  isolation  layer  is  deposited,  and  then  removed 
prior  to  e-beam  deposition  of  Ti-Pt-Au  (2(X)  A/500  A/3(X)0 
A)  electrodes.  After  the  wafer  was  lapped  to  a  thickness  of  150 
^tm,  a  Ge-Au-Ni-Au  (270  A/450  A^15  A/1200  A)  n-metal 
contact  was  deposited  on  the  substrate  surface  and  the  contacts 
were  annealed  at  360  ®C  for  90  s.  The  wafer  was  then  cleaved 
into  rows  of  devices,  and  a  1800- A  thick  SiO  anti-reflective 
layer  was  e-beam  evirated  onto  the  cleaved  facet  surfaces. 

Fig.  2  shows  the  (TE  mode)  MZ  output  intensity  as  a  func¬ 
tion  of  voltage  for  a  3(X)-/zm  long  device,  indicating  iZ  >  40 
dB  (limited  by  the  output  detector  sensitivity),  and  a  switching 
voltage  of  6  V,  giving  V  *  L  =  1.8  V-mm.  In  contrast,  the 
TM  mode  had  iZ  =  5-10  dB.  Modulators  with  lengths  ranging 
from  300-700  ^m  showed  similar  performance  of  iZ  =  30-40 
dB  and  V  *  L  in  the  range  of  1.8-4  V-mm  for  TE  modes.  For 
comparison  [3],  similar  GaAs-AlGaAs  MZ  devices  have  iZ  = 
23.8  dB  and  F  *  L  =  5.5  V-mm.  InP-InGaAsP  quantum  well 
[2]  MZ’s  have  been  demonstrated  with  F  •  L  =  2.1  V-mm 
and  iZ  =  16  dB.  The  fiber-to-fiber  loss  was  measured  to  be  40 
dB  which  is  higher  than  the  31-dB  insertion  loss  reported  for  a 
similar  GaAs-AlGaAs  MZ  modulator  using  F  Y-branches  [3]. 
The  higher  loss  is  attributed,  in  part,  to  the  larger  branching 
angle  of  6°  used  in  this  work.  Also,  some  additional  loss  may 
be  incurred  due  to  the  nonideal  fiber-waveguide  coupling  of 
our  experimental  setup. 

The  capacitance  and  resistance  of  300-^m  long  devices  are 
3.5  pF  and  30  fl,  respectively.  From  these  values,  we  estimate 
a  3-dB  cut-off  frequency  of  1.5  GHz.  However,  the  capacitance 
can  be  reduced  by  more  than  a  factor  of  ten  (and  the  frequency 
increased  by  a  concomitant  amount)  by  reducing  the  size  of 
the  electrode  probing  pads  [3]  and  isolating  the  active  and 
passive  waveguide  ridge  regions. 

The  electroluminescence  measured  from  the  alignment  elec¬ 
trode  peaked  at  A  =  1.32  /zm,  implying  that  the  absorption  loss 
at  the  operating  wavelength  of  A  =  1.55  ^m  is  negligible.  The 
data  of  Fig.  2  can,  therefore,  be  fit  using: 

I(V)  =  Io{A^  +B^  +  2A^B^  cos  [An(V)kL  +  (1) 

Here,  I{V)  is  the  output  intensity  as  a  function  of  voltage,  Iq 
is  the  intensity  at  F  =  0,  An(F)  is  the  change  of  index  of 
refraction  as  a  function  of  voltage,  k  —  Itt/X,  L  is  the  device 
length,  and  is  a  phase  shift.  The  two  YB’s  are  characterized 
by  the  coefficients  A  and  B,  where  A  and  B  are  the  intensities 
that  couple  into  each  arm  following  A  -f  J5  =  1.  The  on/off 
ratio  is  then  given  by  iZ  =  1/(A  -  B)^,  For  an  on/off  ratio 
of  R  =  10"^  as  shown  in  Fig.  2,  this  implies  that  A  -  B  = 
0.01,  from  which  we  infer  a  YB  asynunetry  of  <  1%.  With  (1), 
and  using  A  =  B  =  0.5,  An(F)  is  extracted  from  the  fit  to 
the  data  of  Fig.  2.  The  dependence  of  An  on  voltage  and  the 
corresponding  theoretical  fit  are  shown  in  the  inset  to  Fig.  2. 


Hg.  2.  The  response  of  a  300  fim  long  Mach-Zehnder  at  A  =  1.55  fim. 
The  on/off  ratio  is  >40  dB  and  the  switching  voltage  is  6  V.  Dashed  line 
is  a  theoretical  fit  to  the  data  described  in  the  text  Inset:  Refractive  index 
change.  An(V).  obtained  from  the  data  of  Fig.  2  (circles).  Dashed  line  is 
a  theoretical  fit 

The  index  change  is  due  to  both  the  bulk  (non-QW),  Aribuik* 
and  quantum  well  regions,  via  An  =  Auqyj  -I-  Anbuik* 

The  value  of  Anbuik  is  [10]: 

Anbuik  “  2^bulk  [^bulk  “  -^o) 

+  Sbulk  {E  —  Eq)^  -h  (rbulk^'o  -  Sbulk-E'o)]?  (^) 

where  Fbuik  is  the  optical  confinement  factor  for  the  bulk 
region,  no  is  the  refractive  index  with  no  applied  field  [11], 
T*buik  and  Sbuik  are  the  linear  and  quadratic  electrooptic 
coefficients,  respectively,  E  is  the  applied  electric  field,  and 
Eq  is  the  built-in  junction  electric  field.  The  same  form  of 
expression  is  also  used  for  Anbuik*  4 

To  accurately  determine  F,  and  hence,  the  coefficients 
r  and  s,  the  LHBPM®  was  used  to  model  the  waveguide 
modes  and  YB  splitting  of  the  MZ.  An  exact  solution  of 
the  Helmholtz  equation  used  in  modeling  wave  propagation 
generally  considers  the  set  of  all  possible  waves  propagating 
at  each  point  of  a  grid  in  the  x-y  plane  perpendicular  to  the 
propagation  direction,  z,  using  a  coupling  matrix.  However, 
this  is  often  not  possible  to  implement  since  grids  consisting 
of  the  large  number  of  points  necessary  to  model  structures 
with  a  complicated  index  profile,  n{x,y),  such  as  the  MQW 
MZ,  require  an  extremely  large  coupling  matrix.  The  LHBPM 
reduces  the  original  extremely  large  coupling  matrix  to  a 
subspace  that  only  has  a  few  elements,  making  the  wave  propa¬ 
gation  problem  soluble.  In  our  calculations  we  used  the  wafer 
structure  previously  described  with  the  following  refractive 
indices  [11]:  risub  =  3.17  (InP  substrate),  nbarrier  =  3.30  (the 
InGaAsP  cladding  region  and  quantum  well  barriers  are  made 
of  the  same  materied),  and  Uq-uj  =3.46  (InGaAsP  quantum 
wells)  along  with  a  five-dimensional  Lanezos  subspace.  Grid 
spacings  of  Ax  =  0.15  /xm.  Ay  =  25  A,  and  a  propagation 
step  increment  of  Az  =  1  ptm  were  used.  Often  when  modeling 
such  structures,  the  index  of  refraction  is  taken  to  be  the 
average  of  the  quantum  well  and  barrier  materials.  Here,  the 
resolution  of  the  grid  was  sufficient  so  that  this  approximation 
was  not  necessary. 
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Y-branch  asymmetry  (jim) 

Bg.  3.  The  calculated  fraction  of  power  coupled  into  the  right  ann  as  a 
function  of  the  difference  in  widdis  of  an  asynunctric  Y-branch.  The  left  aim 
is  held  fixed  at  the  width  indicated,  and  the  right  arm  width  is  varied  Inset: 
Light  intensity  showing  propagation  in  an  asymmetric  Y-branch. 

Optical  confinement  factors  of  Fbuik  =  0*54  and  Tqw  — 
0.12  were  calculated  by  the  LHBPM.  Previous  work  [2]  has 
shown  that  Sbuik  =  0  and  that  =  ^buik-  With  these 
assumptions  and  the  data  from  the  inset  of  Fig.  2,  it  is  found 
that  Tqyj  =  Tbuik  =  (3.9  ±  1.7)  pmA^  and  Sqw  —  (5.0  ±  1.5) 
X  10”^®  The  dotted  line  in  Fig.  2  fits  the  experimental 

data  assuming  these  values  for  r  and  s  and  (1)  and  (2).  This  fit 
also  gives  =  6  V.  By  comparison,  the  linear  electrooptic 
coefficient  of  bulk  GaAs^®  at  A  =  1.15  //m  is  rbuik  =  1*6 
pm/V  and  the  quadratic  electrooptic  coefficient  of  a  sumlar 
GaAs  QW  device  [3]  at  A  =  0.8  /im  is  =  1.3  x  10”^* 
m^A^. 

The  LHBPM  was  also  used  to  study  the  coefficients  A  and 
B  of  the  YB’s  [9],  defined  in  (1).  Fig.  3  shows  the  ratio  of 
power  coupled  into  the  right  YB  arm  as  a  function  of  the  arm 
width  difference,  or  YB  waveguide  asymmetry.  The  inset  to 
Fig.  3  shows  a  plot  of  wave  intensity  as  a  function  of  position 
in  a  YB.  In  Fig.  3,  the  three  curves  correspond  to  waveguide 
widths  of  =  2.5  /xm,  3.0  /xm,  and  3.5  /xm.  The  difference 
between  the  slope  of  the  curves  shows  that,  as  expected, 
YB’s  constructed  using  wide  waveguides  are  less  sensitive  to 
as)mmetries  than  are  narrow  guides.  When  the  width  of  the  3 
/xm  guide  used  in  our  devices  varies  by  0.04  /xm,  then  A—B  — 
0.01,  implying  that  >40  dB  on/off  ratio  is  possible  under 
these  circumstances.  Besides  using  balanced  Y-branches,  to 
achieve  a  high  on/off  ratio  we  also  need  to  minimize  voltage 
induced  absorption  changes  which  can  lead  to  asymmetries 
in  the  intensity  of  the  two  waves  at  the  output  Y-branch. 
To  accomplish  this,  we  have  a  QW  with  an  effective  energy 
gap  of  0.9  eV,  which  is  further  from  the  1.55  /xm  operational 
wavelength  than  is  typical  for  MQW  MZ  modulators  [4].  In 
addition,  operation  far  from  the  band  edge  accounts  for  the 


apparently  low-quadratic  electrooptic  coefficient  in  our  device. 
Nevertheless,  at  an  operational  voltage  of  3  V,  about  one  third 
of  the  total  index  change  comes  from  the  quadratic  electroopdc 
effect 

In  conclusion,  we  fabricated  and  analyzed  a  high-contrast 
ratio,  low  switching-voltage  InGaAsP  MQW  MZ  modulator 
for  use  at  A  =  1.55  /xm.  A  300  /xm  long  device  has  a  6  V 
switching  voltage,  V  •  i  =  1.8  V-mm,  and  i2  >  40  dB. 
These  parameters,  to  our  knowledge,  exceed  those  reported 
to  date  [2]-[4].  The  electroopdc  coefficients  of  the  InGaAsP 
QW  material  were  measured  and  analyzed  using  the  highly 
accurate  Lanczos-llelmholtz  beam  propagadon  method,  and 
are  found  to  be  r  =  (3.9  ±  1.7)  pmA^  and  s  =  (5.0  ± 
1.5)  X  10“^^  for  the  linear  and  quadradc  electroopdc 

coefficients  at  1.55  /xm,  respeedvely.  Effects  of  wa\'^guide 
asymmetry  are  also  smdied  using  this  model.  The  high  R- 
value  of  this  MZ  is  due  to  low-absorpdon  loss  and  extremely 
even  splitdng  between  the  arms  of  the  YB’s.  We  demonstrate 
novel  aedve  waveguide  input/output  electrodes,  which  make 
fiber  alignment  to  waveguide  devices  faster  and  more  accurate 
than  current  passive  alignment  methods. 
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Abstract 

We  demonstrate  a  monolithically  integrated  1.55  pm  wavelength  InGaAsP/InP  multiple 
quantum  well  laser  with  a  passive  Y-branch  waveguide  in  a  vertical  twin- waveguide 
strucmre.  To  reduce  the  sensitivity  of  the  device  performance  characteristics  to  laser 
cavity  length  and  variations  in  the  layer  structure,  we  introduce  an  Ino.53Gao,47As 
absorption,  or  “loss”  layer.  This  layer  eliminates  the  propagation  of  the  even  mode,  while 
having  minimal  effect  on  the  odd  mode.  The  threshold  current  densities  and  differential 
efficiencies  of  the  devices  are  unaffected  by  the  loss  layer.  A  record  high  coupling 
efficiency  of  45%  from  the  laser  to  the  external  passive  waveguide  is  obtained. 
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Photonic  integrated  circuits  (PICs)  have  the  potential  for  producing  low  cost,  high 
performance,  advanced  devices  for  optical  communication.  An  important  building  block 
for  PICs  is  a  laser  coupled  to  a  passive  waveguide,  which  is  essential  for  monolithic 
integration  of  lasers  with  modulators,  splitters,  and  efficient  couplers  to  optical  fibers.  A 
laser  can  be  integrated  with  a  passive  waveguide  using  a  number  of  different  techniques, 
including  regrowth  with  separate  optimization  of  the  two  devices  [1],  single  growth  on  an 
etched  substrate  [1],  disordering  of  multiple  quantum  wells  (MQW)  to  locally  change  the 
bandgap  [2],  selective  area  growth  enhancement  using  organometallic  vapor  phase 
epitaxy  [3],  or  evanescent  optical  field  coupling  in  a  vertical  twin- waveguide  (TG) 
structure  [4,  5,  6].  This  last  approach  is  attractive  as  a  versatile  “platform”  technology  for 
PICs,  since  a  single  growth  step  produces  a  structure  on  which  a  variety  of  active  (e.g. 
lasers  and  optical  simplifiers)  and  passive  (e.g.  waveguides  and  couplers)  devices  can  be 
fabricated.  Suematsu,  et  al.  [5]  demonstrated  the  first  TG  laser  consisting  of  vertically 
integrated  active  and  passive  waveguide  layers  which  were  phase-matched  in  a  manner 
similar  to  a  directional  coupler  [7,  8].  Recently,  a  GaAs/AlGaAs-based  TG  laser 
integrated  with  a  Y-branch  single  mode  ridge  waveguide  was  demonstrated  [6].  However, 
that  simple  structure  was  so  sensitive  to  variations  in  the  device  structure  that  the 
threshold  current  and  coupling  to  the  passive  waveguide  were  practically  uncontrollable 
[9].  The  problem  arises  from  the  interaction  between  the  even  and  odd  modes  in  the 
conventional  TG  structure.  Due  to  this  interaction,  the  fraction  of  the  total  optical  power 
incident  on  the  etched  facet  of  the  active  waveguide  is  a  periodic  function  of  cavity 


length,  which  makes  it  extremely  difficult  to  control  the  amount  of  power  reflected  from 
the  etched  facet.  Furthermore,  the  modal  gain  and  the  coupling  length  both  vary 
dramatically  with  changes  in  composition  and  thickness  of  each  layer. 

In  this  letter  we  describe  monolithic  integration  of  a  1.55  |j.m  wavelength,  InP/InGaAsP 
MQW  laser  with  a  passive  Y-branch  waveguide  using  a  vertical  TG  structure  with  mode 
selectivity.  We  introduce  an  InQ53GaQ47As  absorption,  or  loss  layer  ,  midway  between 
the  active  and  passive  waveguides  to  suppress  lasing  on  the  even  mode,  thereby  making 
the  TG  facet  reflectivity  and  coupling  efficiency  independent  of  length. 

Figure  !  shows  a  schematic  cross-section  of  the  device.  The  TG  structure,  operating  at 
X=1.55u.m,  has  two  stacked  waveguiding  layers  separated  by  a  coupling  layer.  The  upper 
waveguide  incorporates  a  multiple  quantum  well  (MQW)  active  region,  and  the  lower 
InGaAsP  waveguide  is  passive.  The  structure,  grown  in  a  single  epitaxial  step  on  a  (100) 
n-type  InP;Si  substrate  by  gas  source  molecular  beam  epitaxy  (GSMBE),  is  summarized 
in  Table  I.  The  active  region  has  three,  13  nm  thick,  InGaAsP  quantum  wells  separated  by 
20  nm  InGaAsP  barriers  with  a  bandgap  of  1.0  eV.  The  large-bandgap  passive  waveguide 
is  a  430  nm  thick,  undoped  InGaAsP  layer  with  £^=1.0  eV.  The  two  guides  are 
separated  by  a  600  nm  thick  InP  spacer  layer.  For  devices  with  a  loss  layer,  the  spacer 
contains  a  100  A  thick,  undoped  Ino.33Gao,47As  (E,  «  0.75  eV)  absorption  layer  centered 
between  two  300  nm  thick  InP  layers. 

The  structure  was  designed  such  that  the  propagation  constants  and  the  QW  optical 
confinement  factors  for  both  the  even  and  odd  modes  are  approximately  equal.  This 
ensures  that  both  modes  propagate  at  the  same  velocity,  and  the  exchange  of  power 
between  the  guides  is  nearly  complete  in  the  absence  of  the  loss  layer  [9].  The  modal 
intensity  and  index  profile  in  the  twin-guide  structure  with  a  loss  layer  are  shown  in  the 
inset  of  Fig.  1.  At  the  center  of  the  InP  layer  separating  the  two  guides,  the  light  intensity 
of  the  odd  mode  is  zero  while  that  of  the  even  mode  is  comparable  to  the  intensity  in  the 
guide  layers.  For  a  100  A  thick  InGaAs  loss  layer  centered  at  this  point,  the  confinement 


factors  of  the  even  and  odd  modes  in  this  layer  are  calculated  to  be  0.3%  and  4  x  lO'^  %, 
respectively.  Assuming  an  absorption  of  10“*  cm '  at  X  =  1.5  pm  in  Inoj3GaQ47As  [10],  the 
loss  due  to  this  layer  for  the  even  and  odd  modes  is  30  cm"'  and  0.04  cm"',  respectively. 
Since  both  modes  have  approximately  the  same  confinement  factor  (4.06%,  4.08%)  in  the 
active  QW  region,  the  odd  mode  reaches  the  lasing  condition  at  lower  current  and  hence 
will  be  favored.  The  intensity  of  light  in  both  guides  is  nearly  the  same  for  the  remaining 
odd  mode,  allowing  for  an  output  coupling  at  the  etched  facet  of  ~50  /o  while  maintaining 
a  reasonably  low  threshold  current  density. 

We  fabricated  several  integrated  TG  laser/waveguide  devices  with  one  cleaved  facet  and 
the  second  facet  formed  by  dry  etching.  The  device  fabrication  procedure  is  as  follows. 
First,  the  laser  region  is  protected  by  a  ~300  nm  thick  SiN^^  mask,  and  reactive  ion  etching 
in  a  1:7  CH4:H2  mixture  is  used  to  form  a  smooth  vertical  laser  facet  [11].  The  facet  etch 
is  halted  midway  between  the  upper  and  lower  guides,  as  shown  in  the  scanning  electron 
microsraph  in  Fis.  2.  Next,  wet  etching  is  used  to  define  the  laser  and  passive  waveguide 
ridges.  The  passive  waveguide  is  angled  at  7°  with  respect  to  the  cleaved  facet  to  reduce 
reflections  back  into  the  laser  cavity.  After  p-  and  n-contact  metallization,  devices  with 
different  active  region  lengths  are  formed  by  cleaving  the  side  opposite  to  the  etched 
facet. 

Figure  2  (a)  shows  the  near  field  pattern  from  the  cleaved  facet  of  a  TG  device  with  loss 
layer.  The  light  intensity  from  the  upper  and  lower  waveguides  is  approximately  equal, 
and  the  center  region  is  dark  as  expected  for  lasing  only  in  the  odd  mode.  Figure  2(b) 
shows  the  near  field  at  the  cleaved  facet  of  the  passive  Y-branch  waveguide. 
Approximately  45%  of  the  light  is  coupled  from  the  laser  into  the  passive  waveguide,  as 
measured  using  an  integrating  sphere  with  the  etched  facet  carefully  masked.  This  is  in 
excellent  agreement  with  our  calculations,  and  represents  a  significant  increase  in  TG 
coupling  compared  with  a  previously  reported  value  of -13%  [7]  for  a  conventional  TG 


device. 
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The  calculated  far-field  pattern  in  Fig.  3(a)  (dashed  line)  is  a  linear  superposition  of  the 
odd  and  even  modes.  Experimental  data  clearly  show  that  without  the  loss  layer,  lasing 
occurs  on  both  modes.  However,  for  a  TG  laser  with  InGaAs  loss  layer,  the  far-field 
pattern  in  Fig  3(b)  matches  the  calculation  for  the  odd  mode  with  no  contribution  from 
the  even  mode.  This  confirms  that  the  loss  layer  eliminates  the  even  mode.  As  a  result, 
both  the  coupling  efficiency  from  the  laser  to  the  passive  waveguide  and  the  reflection 
from  the  etched  facet  are  independent  of  the  laser  cavity  length.  The  irregular  threshold 
current  variation  with  cavity  length  in  a  conventional  TG  laser,  observed  in  Refs.  [7]  and 
[9],  is  completely  eliminated  using  the  loss  layer. 

Figures  4(a)  and  4(b)  show  the  threshold  current  density  and  inverse  external  efficiency 
versus  cavity  length  for  double-cleaved  3QW  TG  lasers  with  and  without  the  loss  layer. 
Also  shown  for  comparison  are  results  for  a  conventional  3QW,  1.55  pm  Fabry-Perot 
laser  grown  by  the  same  GSMBE  process.  It  can  be  seen  that,  within  experimental 
accuracy,  the  loss  layer  does  not  affect  the  TG  laser  performance.  Note  that  the  minimum 
threshold  current  densities  of  TG  lasers  are  higher  than  that  of  Fabry-Perot  lasers,  since 
the  optical  mode  in  TG  structure  spans  across  both  waveguides,  and  the  quantum  well 
confinement  factor  is  correspondingly  smaller.  From  the  external  efficiency  data  shown 
in  Fig.  4(b),  the  internal  losses  for  TG  lasers  with  and  without  loss  layers  are  similar  but 
are  higher  than  for  conventional  lasers.  This  is  partly  due  to  the  increased  free  carrier 
absorption  loss  in  the  doped  passive  waveguide.  For  TG  lasers  with  loss  layer,  we 
measured  a  maximum  external  efficiency  of  q  =  25%  (L  =  1.2  mm)  and  a  lowest 
threshold  current  density  of  J-^h  =  720  A/cm'  (L  =  2  mm),  as  compared  to  values  for 
conventional  single  waveguide  lasers  of  q  =  50%  (L  =  0.75  mm)  and  =  250  A/cm'  (L 
=  2  mm). 

In  conclusion,  we  demonstrated  an  InGaAsP/lnP,  1.55  jim  wavelength,  MQW  laser 
monolithically  integrated  with  a  passive  waveguide  Y-coupler  using  a  vertical  twin-guide 
structure.  It  is  shown  for  the  first  time  that  a  loss  layer  placed  between  the  two 
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waveguides  eliminates  the  even  mode  while  having  little  effect  on  the  odd  mode.  With 
only  the  odd  mode  present,  optical  feedback  from  the  etched  facet  and  coupling  to  the 
external  passive  waveguide  are  independent  of  cavity  length  and  structure  variations. 
Such  a  modified  twin-guide  stmcture  is  an  important  step  toward  realizing  a  highly 
versatile,  “platform”  technology  where  a  variety  of  active  and  passive  devices  can  be 
monolithically  fabricated  on  a  single  wafer  structure. 

The  authors  thank  DARPA  (A.  Husain)  and  US  Army  CECOM  (L.  Coryell  and  J. 
Wright)  for  their  support  of  this  work. 


Figure  captions 


Figure  1  Schematic  diagram  of  the  twin  waveguide  structure  with  passive  waveguide. 

Inset:  Refractive  index  and  calculated  mode  profiles  in  the  TG  structure  with 
InGaAs  loss  layer. 

Figure  2  (a)  Near  field  optical  intensity  pattern  of  a  twin-guide  laser  with  absorption 
layer  as  observed  from  the  cleaved  facet,  (b)  Near  field  pattern  of  the  Y- 
branch  output.  The  scanning  electron  micrograph  shows  the  etched  facet  of 
TG  laser  and  Y-branch  passive  waveguide. 

Figure  3  Polar  plot  of  the  measured  (solid  squares)  and  calculated  (dashed  line)  far  field 
pattern  of  TG  lasers:  (a)  without  InGaAs  loss  layer,  and  (b)  with  InGaAs  loss 
layer. 

Figure  4  (a)  Threshold  current  density,  and  (b)  inverse  efficiency  as  a  function  of  cavity 
length,  for  double-cleaved  TG  lasers  with  and  without  absorption  layer.  Data 
(solid  squares)  for  conventional  3QW  lasers  is  shown  for  comparison. 
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Table  1:  Layer  structure  of  twin-guide  laser  with  absorption  layer 


Layer  Description 

Composition 

Effective 

Bandgap  (eV) 

Layer 

Thickness  (nm) 

Substrate 

n^-InP:S 

1.36 

- 

n-Cladding 

n-InP;Si 

1.36 

500 

Passive  Waveguide 

n."InQ  2^^.8^^0.44  ^0.56 

1.0 

430 

Coupling  layer 

n-InP;Si 

1.36 

300 

Loss  layer 

Ino53Gao4-As 

0.77 

10 

Coupling  layer 

n-InP:Si 

1.36 

300 

Separate  Confinement 

Po.56 

1.0 

113 

Active  QW  region 

Ii^O.2^^.8^^0.7  ^0.3  (Q^)  ^ 

I^.2^^.8^^0.44  Po.56 

Barriers 

0.8  (well) 

1.0  (barrier) 

3X 

13  (well)  / 

20  (barrier) 

Separate  Confinement 

^“I^.2^^.8^^0.44  Po.36 

1.0 

113 

p- Cladding 

p-InP:Be 

1.36 

no 

Etch-stop  layer 

P“  ^^.2G^.8^^0.44  ^ 0.56*®^ 

1.0 

51 

p-Cladding 

p-InP;Be 

1.36 

1000 

p-contact layer 

P  *■  In^  53GaQ  47AsiBe 

0.75 

70 

InGaAs  loss 
layer 
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ABSTRACT 


We  discuss  approaches  to  achieving  large  scale  InP-based  optoelectrorac  mtegrated  circmts 
(OEICs)  and  photonic  integrated  circuits  (PICs).  During  the  past  several  years,  signific^t 
advances  have  been  made  in  improving  materials  and  device  quality  of  InP-based  maler^ 
such  as  InGaAs(P)  for  use  in  long  wavelength  communications  systems  and  n^orks. 
Hence,  we  are  currently  on  the  threshold  of  realizing  large  scale  (>500  (tevice)  OEICs  from 
which  will  emerge  a  new  generation  of  optoelectronic  systeim  and  applications,  m  an^^ 
to  what  was  achieved  in  the  1970's  with  the  advent  of  Si-based  electronic  LSI.  What 
remains  to  be  demonstrated  to  bring  this  vision  to  practical  reality  is  the  demonstration  of 
"platform"  integration  technologies  where  devices  and  circuits  custom-  designed  for  a  wide 
range  of  applications  can  be  realized  using  a  common  (and  simple)  epitaxi^  material 
structure  and  fabrication  process.  For  the  last  several  years,  we  have  developed  such 
platform  technologies,  with  our  latest  success  bdng  the  demonstrauon  of  a  16x16 
InGaAs/InP  imaging  array  consisting  of  272  field  effect  transistors  and  256  p-i-n  detectors. 
Oth^  devices  which  have  been  demonstrated  using  this  technology  have  been  very  mgh 
sensitivity  switched  photodiode  receivers,  and  coherent  optical  receivers.  The  transmiter 
technology  consists  of  a  modified  twin  waveguide  structure  which  allows  for  fabricauon 
tolerant  fabrication  of  photonic  integrated  circuits  employing  any  combination  of  l^ers, 
optical  amplifiers,  modulators  and  waveguides.  The  extremely  high  yield  and  sunpbaty  of 
processing  of  such  InP-based  LSI  circuits  suggests  that  the  sc^e  of  op^lwtromc 
integration  in  important  materials  system  has  reached  a  new,  and  highly  useful  level  of 
sophistication. 

1.0  INTRODUCTION 


CMOS  VLSI  is  unquestionably  the  dominant  electronic  intention  technology  in 
use  today  primarily  due  to  the  ease  with  which  extremely  complex  circmts  cte  be  readily 
integrated  using  a  common,  well-developed  fabrication  process  inatched  to  ^u^y 
sophisticated  and  accurate  CAD  tools.  While  the  performance  of  Ch^S  <^uits  is  high,  it 
is  by  no  means,  at  the  level  of  the  highest  performance  circuits  of  wtach  Si  electr<^cs  are 
ultirnately  capable.  Rather,  CMOS  technology  is  focused  on  addressmg  the  broadest 
spectrum  of  applications,  relying  on  special  purpose  integration  ^hnologies  to  address 
those  particular  uses.  For  this  reason,  almost  all  electronic  computing  s^tems  today  have 
adopted  CMOS  as  their  central  platform  integration  technology.  In  effect,  the  extreme 
versatility  of  this  device  and  materials  technology  has  “driven  the  development  of  a 


40 


SPIEVol.  3006  •  0277-786X/97/$10.00 


plethora  of  new  applications  —  a  point  of  view  which  is  often  ignored  when  considering 
modem  photonic  device  and  systems  technologies. 

With  this  historical  perspective  in  mind,  for  the  last  ten  years  our  laboratory  has 
focused  on  developing  photonic  integrated  circuit  technologies  which  are  capable  of 
addressing  the  broadest  range  of  applications,  leaving  the  highest  performance  applications 

in  the  domain  of  independently  optimized  integration  methods  The  result  of  this  work 
has  been  the  development  of  highly  versatile,  simple  to  implement  integration  technologies 
based  on  InP  and  related  compounds  for  use  over  the  wavelength  band  of  0.95  -  1.65  |im. 
Two  separate  integration  technologies  have  been  demonstrated:  an  optoelectronic  integrated 
circuit  (OEIC)  “platform”  based  on  InP/InGaAs  p-i-n  diodes  and  junction  field  effect 
transistors  (JFETs)  which  generates  a  wide  range  of  optical  receiver  configurations,  and  a 
photonic  integrated  circuit  (PIC)  platform  for  simply  realizing  complex  laser, 
semiconductor  amplifier  (SOA),  waveguide  and  modulator  circuits.  The  OEIC  technology 
has  been  used  to  fabricate  large  scale  focal  plane  imaging  arrays  consisting  of  272  field 
effect  transistors  and  256  p-i-n  detectors,  representing  an  important  step  toward  realizing 
InP-based  LSI.  The  PIC  circuits  have  recently  been  used  to  develop  an  integrated  laserA^- 
branch  optical  circuit  without  any  semiconductor  regrowth,  and  with  nearly  50%  optical 
coupling  between  the  integrated  optical  components. 

In  this  paper,  we  will  discuss  example  integrated  devices  based  on  these  versatile 
integration  teclmologies. 

2.0  RECEIVERS  AND  ARRAYS  USING  P-I-N/JFET  OEICS 


A  profile  view  of  the  platform  wafer^  is  shown  in  Fig.  1.  It  consists  of  three  layers 
(an  undoped  InP  layer,  thickness  =  0.3  pm;  an  undoj^d  Ing  jjGan  47AS  layer,  thickness  = 
1.5pm;  and  an  n+InP  layer,  thickness=0.2pm  and  doping  =  2xl0'\m'^)  forming  the  p-i-n 
photodiode  structure,  followed  bv  two  layers  (an  undoped  InGaAs  spacer  and  etch-stop 
layer,  thickness=0.5pm;  a  8xl0^*cm'^  n-type  InGaAs  channel  layer,  thickness=0.15pm; 
and  an  undoped  InP  cap  layer,  thickness=H).5pm)  which  form  the  InGaAs  JFETs.  This 
entire  structure  is  grown  on  semi-insulating  (100)  Fe:InP  substrates. 


r  undoped  InP  I 


Fig.  1:  Cross-sectional  view  of  the  wafer  structure  used  in  the  receiver  OEIC. 

Processing  this  material  into  a  receiver  circuit  begins  by  first  etching  down  to  the 
JFET  layers  using  the  InGaAs  etch-stop  layer  to  ensure  uniform  layer  exposure.  The 
etchant  use  with  a  large  differential  etch  rate  for  InP  as  compared  with  InGaAs  is  HBriHjOj 
10:1  diluted  10:1  in  HjO.  The  transistors  are  then  isolated  by  a  second  etch  down  to  the  SI 
substrate.  Next,  a  lOOOA  layer  of  SiN^  is  deposited  to  serve  as  a  junction  diffusion  mask. 


Both  the  JFET  gate  and  p-i-n  detector  junctions  are  simultonwmly  diffused 

hoSs bthe mask'using a  ampoule  process  at  5W°C  for  a^^ate y  30 

min  Tvnicallv  JFET  gate  diffusion  wmdows  vary  from  2  to  10  lim  in  len^  by  10  to 
lOO^m  in  widA.  This  represents  the  only  criticd  prweM  step,  ^^We 

m3etenninated  near  the  interface  betw^n  the  InGa^  spacer  “J, 
note,  nevertheless,  that  the  tolerances  are  relatively  relax^  owmg  to  Je  low 
soacer  layer.  That  is,  with  low  enough  doping,  the  built-m  depletion  region  extending 
from  the  p-n  junction  into  the  spacCT  will  reach  the  channel  layer  without  fu^^  apphcation 
of  voltage.  A  second  SiNx  layer  is  applied  at  this  point  which  serves  as  the  detector  anb- 
reflection  coating.  Conventional  metallizations  to  die  n-  and  p-  regions  are  e- 

S  eVrated  Ge/Au/Ni/Au  and  Ti/Au,  resp^tiyely,  and  alloyed  «  ^  mpid  themd 
armealer  followed  by  spin-on  polyimide  planarization  of  the  small  surface  topo^aphy 
created  by  the  transistor  exposure  and  isolation  etc^.  Holes  are  opened  mAe 
and  Ae  final  step  is  deposition  of  Ae  Ti/Au  device  mtercomection  me^s.  ^ 
process  sequence  requii^ten  to  fourteen  mask  levels,  dependmg  on  details  of  Ae  circmts 

bemg  fabricated. 

A  recently  demonstrated  p-i-n/JFET  receiver  circuit^  consistirig  of  a  1x4 
detector/JFET  switching  array  at  Ae  front  end  is  shown  in  Fig.  2.  This  receiver  co^isterf 
eleven  transistors,  four  photodiodes  and  three  p-n  junctions  (corr^^ndm|  to 
gate-source  junction).  We  note  that  Aere  are  no  resistors  or  ^paators  on  tAs  circmt  aU 
distances  ie  active  loads  (Q5,  Q8,  QIO),  or  are  voltage-tunable  loads  (Qll). 


Qti-l 


Dl  A  D22X 
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Fig.  2:  Schematic  circuit  diagram  of  die  recently  demonstrated  1x4  smtchable 
detector/receiver  array  OEIC 

This  technology  can  be  considered  as  a  veasatile  mtegration  platform  due  to  several 
features  which  are  mcorporated  mto  Ae  design;  (i)  There  are  no  cnbcal  layer  thickness 
^^io^S  dopmg  Slerances,  (ii)  Aere  are  no  critical  processmg  steps  or  (teyice 
dimensions,  (iii)  the  devices  are  all  “planaf’  -  i.e.  Ae  diffused  p-n  jimcbop,  formed  m  a 
smgle  process  step,  are  defined  by  windows  pre-etched  m  a  SiN,  mask,  (iv)  Aere  ^  only 
two  basic  circmt  elements  which  ate  separately  optimized  m  Ae  grown  structure;  Ae  p-i-n 
detector  and  Ae  JFET/active  load  elements.  This  overaU  simphaty  leads  to  very  high 
Yields  and  simple  an  accurate  modelmg  of  device  performance  prior  to  fabncauon.  ^e 
resulting  circmte  have  been  demonstrated  to  have  good  ^rformmce  compared  to  oAer, 
_ crhPTnpQ  well  as  comDared  with  hvbnd  receiver  technologies. 
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wafer  structures.  For  example,  on  a  single  MOCVD  grown  wafer,  both  the  circuit  in  Fig. 
2  as  well  as  a  coherent  optical  receiver  were  simultaneously  fabricated  with  similar 
sensitivity  performance  and  yield. 


Using  2  X  50  jim  gate  geometries  for  Q1-Q8,  the  circuit  had  a  3  dB  bandwidth  of 
1.1  GHz.  Non-AR-coated  p-i-n  detectors  had  a  dark  current  of  550  pA  at  -5V  reverse  bias 

and  50%  quantum  efficiency  at  a  wavelength  of  X=1.55jim.  The  detector  isolation 
achieved  by  switching  transistors  Q1-Q4  was  60  dB.  Finally,  receiver  sensitivity  measured 
at  1  Gb/s  using  a  non-retum-to-zero  coding  format  was  -25  dBm  at  a  bit  error  rate  of  10-9 

and  X  =  1.55nm  (see  Fig.  3).  When  the  degradation  due  to  lack  of  an  AR  coating  is  taken 
into  account  (approximately  2.5  dB),  this  sensitivity  is  comparable  to  the  best  demonstrated 
at  this  bit  rate  for  an  integrated,  InP-based  JFET  optical  receiver. 
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Fig.  3:  Bit  error  rate  performance  and  eye  pattern  response  (inset)  of  the  receiver  in  Fig.  2 
at  1  Gb/s  and  X=1.55itm. 


A  slight  variation  on  the  wafer  stracture  shown  in  Fig.  1  was  used  to  demonstrate^ 
the  largest  IriP-based  OEIC  reported  to  date:  a  16x16  p-i-n  detector/JFET  switch  focal  plane 
array  (FPA).  The  differences  in  the  wafer  and  processing  is  that  InGaAs  charmel  was 
replaced  by  InP  to  reduce  source-drain  leakage,  and  a  p-i-InP  buffer  layer  was  grown  by 
gas  source  molecular  beam  epitaxy  (GSMBE)  between  the  SlrlnP  substrate  and  the  channel 
layer,  also  to  reduce  leakage  current  Furthermore,  an  additional  Zn  diffusion  step  was 
used  around  the  JFET  periphery  down  to  the  p+  buffer  to  increase  JFET  isolation  without 
inducing  further  surface  currents. 

Using  the  circuit  shown  in  Fig.  4,  several  different  array  sizes  were  fabricated,  the 
largest  (16x16)  consisting  of  528  active  electronic  devices  and  polyimide-isolated  cross¬ 
over  interconnects.  An  8x8  version  of  the  FPA  is  also  shown  in  Fig.  4. 


189 


43 


Also  there  are  no  exposed  p-n  junctions,  thus  eliminating  any  surface  leakage  from  Ae 

^  i  of  the  JFET  mesa.  This  structure  also  lea^  sid^’^S 

anv  DossibUitv  of  gate  interconnect  metalhzanon  shortmg  the  devi^  at  the  ade  w^s. 

coaled  wift  the  &=>  that  lighfly^ped  InP  was  '’ho^ 
tnatpnal  rp^itilted  in  discrete  JFETs  with  drain  leakage  currents  as  low  as  10  pA,  which  to 
r  ^S^^ousand-fold  Sj^vemen.  over  previo^  convennond 

InP/InGaAs  JFET  leakage  currents^.  The  typical  dark  current  of  the  p-i-n  drottesjvas  2  nA 

SdA^dd  ^  of  D.  is 

d^B  b2d  on  K  ite  ^  dovice  yield.  We  found  dm  100%  of  tte  devices  m  te 
8x8  md°smalte  arrays  operaled  widiin  pie^ielenni^  specifimons, 
devices  (both  JFETs)  failed  on  the  16x16  array.  This  is  eqmyalent  to  a  99.7%^ 
^eld,  wWch  is  extremely  high  for  any  InP-based  device  technology,  whether  discrete  or 

integrated. 
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Fig.  4:  (a)  Schematic  circuity  diagram  of  the  FPA;  (b)  Micrograph  of  the  8x8  FPA 

measuring  approodmately  Inwr. 

The  two  circuits  described  above  are  simple  illustrations  of  the  eare  with  ^Mchto 
o-i-n/JFET  technology  can  be  adapted  to  realize  a  wide  range  of  ^iver-ba^  OEICs  ^th 
bandwidths  in  the  l5  GHz  range,  and  with  extrmely 

using  a  single,  simple,  versatile  integrauon  very 

nlatform  conccDt.  extremely  high  perfonnsnce  is  sacrificed  to  the  ^ 

reported  using  far  mote  complex  integradon  and  design  schemes. 

3  0  TRANSMITTER  PHOTONIC  INTEGRATED  CIRCUITS  BASED  ON 
TWIN  WAVEGUIDE  STRUCTURES 

Photonic  integrated  circuits  are  generally  employed  for 

they  consist  of  a  particular  combination  of  active  devi^  O^rs  ^d 
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complex  regrowth  methods,  where  the  active  region  of  the  devices  are  grown  first, 

followed  by  etch-back  and  growth  of  a  second  set  of  layers  used  for  the  passive  devices**^. 
This  regrowth  technology  is  extremely  difficult  to  control,  and  indeed  has  not  been  widely 
demonstrated  using  such  processes  as  GSMBE.  Furthermore,  numerous  materials  issues 
must  be  addressed  such  as  irregular  interfaces  at  the  regrown  interfaces  which  can  lead  to 
poor  device  performance  and  high  optical  losses  between  adjoining  devices. 

This  lead  to  our  demonstration  of  a  very  simple,  and  flexible  integration  technology  based 
on  a  modified  twin  waveguide  (TG)  stracture  to  completely  eliminate  complicated  regrowth 
processing.  The  basic  concept  of  the  TG  structure  is  that  an  active  MQW  region  is  grown 
above  a  passive  waveguide/modulator  region,  separated  by  an  intermediate  “cladding” 

region  A  laser  or  SOA  is  then  defined  in  the  active  region  by  etching  down  into  die 
clad.  The  difference  between  these  two  devices  is  simply  the  facet  reflectivity:  an  SOA  has 
anti-reflection  coated  facets,  whereas  a  laser  has  high  reflection  coatings.  To  realize  this 
device,  we  use  very  high  quality  facet  formation  processes  based  on  CH4:H2  reactive  ion 

etchingi2. 

The  light  generated  in  the  active  region  is  evanescently  coupled  into  the  passive,  or 
waveguide  region  located  directly  below.  As  in  any  directional  coupler,  the  coupling 

efficiency  is  a  sensitive  function  of  length.  For  this  reason,  previous  TG  structures'^  had  a 
maximum  coupling  efficiency  of  13%.  To  eliminate  this  length  dependence,  hence  making 
the  TG  a  practical  integration  scheme  with  no  critical  growth  or  processing  tolerances,  a 
thin  (~1(X)A-200A)  InGaAs  absorbing,  or  “loss”  layer  is  plac^  in  the  center  of  the 
intermediate  InP  cladding  layer.  This  loss  layer  is  grown  the  length  dependence  of  the 
coupling  arises  from  an  interplay  between  the  odd  and  even  modes  propagating  in  the 
structure  (see  Fig.  5).  Due  to  the  different  effective  indices  of  the  two  modes,  their 
velocities  are  different,  and  hence  they  are  in  and  out  of  phase  at  different  positions  within 
the  active  cavity.  The  loss  layer  eliininates  the  even  mode,  hence  eliminating  this  energy 
exchange  with  its  concomitant  length  dependence. 


InGaAs  loss  MQW  active  Passive 

layer  region  waveguide 


Fig.  5:  Schetmtic  diagram  of  the  TG  structure  with  passive  waveguide.  Inset:  Refractive 
Mex  and  calculated  mode  profiles  in  the  TG  structure  with  InGaAs  loss  layer. 

To  test  these  assumptions,  a  laser  coupled  to  a  Y-branch  waveguide  at  the  ou^ut  was 
fabricated  (see  Fig.  5).  The  difference  between  the  structure  tested  and  the  multipurpose 
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wflfprk  that  the  lower  passive  waveguide  shown  in  Fig.  5  is  replaced  by  a  toge 
Jj^vdength  cutoff  MQW  waveguide  section,  and  the  w^ct  layere  arc  gro^ 
the  p+lrP  substrate  as  follows  Fig.  6):  1  M™ 

_ _ *r__  .1  •  _  / _ _ _ 1nr\ 


InP  cladding  (thickness=0.5pin),  InUaAS  toss  layw 

To  tSS^  S  rcfleS  of  SOA  sections,  the  facets  can  be  nlted  away  from  9(f  jjA 
S^t  to  the  waveguiS  longitudinal  axis,  in  addition  to  being  ^  coated  usmg  S  . 
Waveguide  patterning  is  also  accomplished  by  plasma  etching  of  ndges. 

Tn  our  laser/waveguide  Y-junction  device,  no  even  mode  propagation  was  detected,  and  ^ 

WHS  io  tengft  dep^dence  for  te  -S’^Tword 

a  SO^^uoling  between  the  laser  and  the  wavegmde  was  measured,  inis  is  equal  to  me 

Si^tical  maximum  coupling  allowed  in  this  structure,  far  exce^g  ^ 

cfBcioncy  to  sulh  totegrated  devices,  where  a  nmimere  B^ophirg  has 

been  re^  for  convendona)  TG  strucmres«.  OiB 

that  the  mode  is  shared  with  the  wavegmde,  heap  l^HS^bt^-pSot 

densitv  bv  roughly  a  factor  of  two  above  that  achieved  usmg  a  convenuqnal  hat)i7  reroi 
To  rUB  tte  mtoimtim  threshold  cmient  density  tneasmed  m  onr  1.55^ 
i^elength,  3  active  MQW  TG  stractmes  is  700A/cm  ,  which  had  a  maximum  outpu 

efficiency  of  25%. 


Laser 


Mach'Zehnder  Modulator 


Fig.  6:  Laser/modulator  PIC  using  the  TG  structure  concept 

Hence  the  TG  Structure  with  loss  layer  provides  a  viable  new  approach  to  integratmg 

^“e^to'3^‘^Srons"“tK'^oy  Wghly  compta  and  cosUy  mgro^ 
methff^r  Aefirst  time,  we  can  look  forward  to  generating  a  wide  range  of  PICs  on  a 
sin^^^'afer,  similar  to  what  is  accompUshed  using  a  smgle  Si  wafer  to  generate  a  wide 
range  of  integrated  circuits  and  codes. 
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4.0  CONCLUSIONS 


While  the  goal  of  generating  a  photonic  ir^-'gration  technology  with  all  the  versatility  and 
complexity  available  to  Si  visi  is  unrealistic,  there  is  no  question  that  steps  taken  in  this 
direction  will  nevertheless  lead  to  the  widespread  use  of  optics  in  systems  which  today 
cannot  be  attained  due  to  the  excessive  costs  and  development  times  associated  with 
fabricating  complex  photonic  integrated  circuits.  The  realization  of  such  integration 
platforms  will  ultimately  provide  the  system  designer  with  a  set  of  tools  with  which  the 
time  and  costs  to  demonstrating  new  systems  concepts  can  be  drastically  reduced.  This 
ability  has  been  one  of  die  key  features  leading  to  the  success  of  Si-based  VLSI.  The 
approaches  discussed  in  this  paper  are  intended  to  demonstrate  some  of  the  design  and 
fabrication  flexibility  to  photonics  which  are  so  readily  available  in  to  the  electronic  circuit 
designer. 
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